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ABSTRACT 
Various physical mechanisms that affect radiowave propagation at millimetre 
wavelengths are considered. Current modelling weaknesses are highlighted and new 
improved models or more appropriate modelling approaches are suggested. 
Interference and resonance phenomena in the scattering of spherical ice and water 
particles are reviewed. The long standing problem of the numerous resonances 
observed in the scattering diagrams of dielectric spheres is answered. 
The spatial structure and the physical characteristics of non-precipitable ice and water 
clouds are reviewed. Extinction and back scattering calculations for a wide variety of 
cloud models over the entire millimetre frequency spectrum are given. Multiple 
scattering and the effects of super-large drops in clouds are also dealt with. The 
potential of a spaceborne instrument in deducing information about the vertical 
structure of various cloud types is examined. Attenuation and reflectivity profiles 
resulting from various cloud types are calculated for a nadir pointing fixed beam 
millimetre wave radar operating at 94 GHz. 
The physics and application of the equation of radiative transfer to millimetre wave 
propagation in the earth's atmosphere are given and also is the solution of this 
equation for a typical millimetre wave remote sensing application. The theory of 
gaseous absorption at millimetre wavelengths is presented and an improved modelling 
approach is proposed for the calculation of the absorption and dispersion spectra of 
atmospheric gases. The effects of trace gases on communication systems operating at 
high altitudes are for the first time reported. 
Finally the use of the 60 GHz oxygen absorption band for top-side air traffic 
control/navigation and broadband transmission purposes is studied. 
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1.1 
CHAPTER1 
INTRODUCTION. 
The propagation of electromagnetic radiation through the earth's atmosphere is governed by 
the characteristics of the propagating wave (wavelength, polarization), the physical 
characteristics of the atmosphere (temperature, pressure, suspended particles) and the 
atmospheric composition. These physical mechanisms are complex to model because of the 
three dimensional nature of the propagation medium and the multiplicity of the interaction 
mechanisms: scattering, absorption, emission and refraction. 
At microwave frequencies these interactions are relatively simple and the modelling of 
radiowave propagation greatly simplifies. Over the past three decades radiowave propagation 
at microwave frequencies has been exhaustively studied and the existing models are well 
supported by experimental data and measurements. However, the ever increasing demand for 
new telecommunication services and environmental monitoring have resulted in growing 
interest in the millimetre wave propagation. It is this interest and the recent technological 
advances that reduced the cost of millimetre wave systems which shape investigative studies 
currently being designed or taking place on data collection, propagation modelling or 
atmospheric modelling [Brussaard, Watson et al 1991]. 
Millimetre wave communications systems, have already been proposed or are currently being 
developed for a range of applications including: 
- millimetre wave multichannel multipoint video distributions (M3 VDS), 
- point-multipoint networks (ISDN or broadband), 
- broadband and narrowband mobile applications, 
- satellite networks (eg. VSAT's), 
- satellite mobile systems, 
- aeronautical-satellite communications systems. 
Of course, before any such systems can be put into operation, theoretical radiowave 
1.2 
propagation modelling along with experimental studies are required to enable the system 
designer to model sufficiently accurate performance predictions for radio links. 
Furthermore, millimetre waves can be used for a wide variety of atmospheric remote sensing 
applications [ e. g. Atlas et al 1981, Fujita et al 1984, Gibbins et al 1988, Gasiewski 1990a, 
1990b]. Such applications currently focus on die determination of the concentration and global 
distribution of atmospheric water vapour, liquid water, ice and various trace gases -particularly 
ozone. It is the author's conviction, however, that in the next few years the worldwide ever 
growing environmental awareness will lead to the development of more sophisticated and 
complex remote sensing applications. Such applications win be on a continuous basis aiming 
to globally monitor the concentration and distribution of those atmospheric gases that control 
the physics and the chemistry of the atmosphere, including trace constituents (ic. CO, NO 
S02, NH3). The accuracy with which measurements can be achieved using various remote 
sensing techniques depends on models for radiowave propagation, which in turn depend upon 
spectroscopic predictions for various atmospheric gases. Consequently, mdiowave propagation 
modelling at millimetre wavelengths is a subject of great importance both for communication 
and remote sensing applications. 
In this thesis we consider various physical mechanisms -some of them usually ignored at 
microwave frequencies- and assess their influence on radiowave propagation at millimetre 
wavelengths. Current modelling weaknesses are highlighted and new improved models or more 
appropriate modelling approaches arc suggested. Generally, this thesis can be divided in four 
parts. In part I the long standing problem of the numerous resonances present in the scattering 
diagrams of dielectric spheres is answered. Although this phenomenon does not noticeably 
affect the attenuation and reflectivity calculations resulting from a polydispersive medium, it 
had always been a serious academic challenge. In part 11 the effect of clouds and other 
associated factors such as the presence of super-large drops and multiple scattering on 
radiowave propagation are investigated. In part III the derivation of the equation of radiative 
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transfer and the theory of gaseous absorption are reviewed and later employed to produce a 
comprehensive au-nosphefic propagation model (A. P. M. ). The model calculates the absorption 
and dispersion spectra of atmospheric gases and gives improved modelling accuracy over other 
prediction techniques. Finally, in part IV some novel aeronautical-satellite communication 
applications are proposed and investigated using the Atmospheric Propagation Model (A. P. M. ). 
More specifically, in chapter 2 the absorption and scattering cross sections of spherical ice and 
water particles at millimetre wavelengths are calculated using Mie theory. Various interference 
and resonance phenomena are distinguished and brief physical explanations wherever available 
are given. The in-depth study of the numerous fluctuations observed in the scattering of 
dielectrics is the main subject of chapter 3. A detailed survey of the so-far proposed 
explanations is given and a new physical mechanism is nominated to explain the resonance 
effects. 
The effects of clouds on radiowave propagation at millimetre wavelengths are analyzed in 
chapter 4. A useful description of the spatial structure and physical characteristics of various 
cloud types is given in the introductory part of this chapter and in the following the effects 
of multiple scattering and super-large drops in clouds are considered. The chapter concludes 
with tabulated values and detailed graphical illustrations of the extinction and back scattering 
cross sections of various cloud types calculated over the entire millimetre frequency range. 
These calculations appear for the first time in the literature. In chapter 5 the potential of a 
spaceborne instrument in deducing information about the vertical structure of various cloud 
types is investigated. Attenuation and reflectivity profiles for various cloud types are calculated 
for a nadir pointing fixed bearn millimetre wave radar operating at 94 GHz. In fact, these 
calculations represent the feasibility study submitted to a UK scientific team which examined 
the possible development of a millimetre wave spacebome radar as part of the UK contribution 
to the international Global Energy and Water Experiment (GEWEX). 
In chapter 6 the physics and the derivation of the equation of radiative transfer are given. Also 
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given is the solution of the equation of radiative transfer for a typical remote sensing 
application. This chapter has a review character and the main objective is to describe the 
physical basis of the millimetrc remote sensing. In chapter 7 the theory of gaseous absorption 
at millimetre wavelengths is presented and an improved modelling approach is proposed for 
the calculation of the absorption and dispersion spectra of atmospheric gases. The effects of 
trace gases on communication systems operating at high altitudes are for the first time 
reported. Finally, in chapter 8 the use of the 60 GHz oxygen absorption band for top-side air 
traffic control/navigation and broadband transmission purposes is studied. 
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2.1 
CHAPTER 2 
SCATTERING PROPERTIES OF SPHERICAL ICE AND WATER PARTICLES AT 
MILLIMETRE WAVELENGTHS. 
2.1 Introduction. 
The scattering of a plane wave by a sphere of arbitrary size and material has been rigorously 
treated by Mic [1908]. Since then, Mie's formulation has been proved an invaluable tool for 
a variety of applications related to meteorology, astronomy, physics, chemistry and 
telecommunications. In this chapter, Mie theory is briefly reviewed and later employed to 
characterize the absorption and scattering properties of spherical ice and water particles at 
millimetre wavelengths. Various resonance and interference phenomena appearing in the 
scattering of ice and water particles are recognized and then further discussed. 
2.2 Mie Theory. 
Scattering of a plane wave by a homogeneous sphere is the subject of Mie theory. A sphere 
of radius a and complex refractive index rn is embedded in an infinite homogeneous medium 
(vacuum in our case). A plane wave whose electric vector is linearly polarised in the x- 
direction, is propagated in the direction of the positive z-axis. The incident wave (of unit 
amplitude) is then described by: 
a,, e -01*"p H= ay e -ikz+iwlt 
where aX and ay are unit vectors along the x- and y-axes. It can be proved that these fields 
may be written in terms of the scalar solutions u and v of the scalar wave equation 
A* +k 
2M2* =0, 
which is separable in spherical coordinates and has elementary solutions of the following type: 
cos 10 ) PAcose) z, (mkr) An 4 
where n and 1 are integers with ný! ýO, P is an associated Legendre polynomial and z is any 
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spherical Bessel function. So, for the incident outside wave we have 
lut 2n+l I u=e cosý (-I)n Pn(cosO) jn(kr) 
n-I n(n+l) 
2n+l I v= e'(Jt siný 
j 
(-z)" P,, (cosE)) j. (kr) 
n-I n(n+l) 
where j. is the spherical Bessel function derived from the Bessel function of the first kind, 
jn+1/21 
The induced secondary field must be constructed in two parts, the one applying to the interior 
of die sphere and the other valid at all external points with the necessary regularity at infinity. 
So for die outside scattered field we have 
l(at 2n+l I u=e cosý -a,, (-t)" P. (cosB) h? 
)(kr) 
n-1 n(n+l) 
v= e'cjt siný 
j 
-b,, (-t)n 
2n+l P., '(cosB) hý)(kr) 
A-1 n(n+l) 
where N and b,, are coefficients to be determined and li, ý)(kr) is a spherical Bessel. function 
derived directly from the Bessel function of the second kind Hn, 1/2ý')(kr). It has been chosen 
because its asymptotic behaviour, 
-n+l )(kr) -1-e kr 
when combined with the factor exp(icot), represents an outgoing spherical wave, as it is 
required for the scattered wave. 
In a similar way, the field inside the sphere can be represented by: 
Icat 2n+l I e cosý mc,, (-z)" -ý(- P., (cosB) j,, (mkr) 
n+, ) n-I 
(n+l) 
V= elut siný md,, (-i)' 
2n+l P. l(cosO) j. (mkr) 
n-I n(n+l) 
2.3 
where q, and d,, are another pair of coefficients to be determined. The choice of j, (mkr) is 
justified by the fact that the refractive index inside the sphere is m and the fields are finite at 
its centre. 
In order to find the undetermined coefficients the boundary conditions have to be considered. 
The well known boundary conditions for the tangential components of the fields 
nx (H. - Hý = 0, nx (E. - Eý =0, 
result to the following set of equations: 
lp,. (X) - a., c., (x) = MC. *,. (Y) , 
*, lý(x) - ae. (x) = c. *. (y) , 
i#Jx) - b, ýC. 
(x) = d., *. (y) , 
111 b. Z. (x) = md. *(y) , 
where x=ka=2na/% is the ratio of the circumference of the sphere to the wavelength (also 
known as size parameter), y=mx and 4f,, (z)=zj,, (z), ý,, (z)=zh'P)(z) are the Riccati-Bessel 
functions which differ from the spherical Bessel functions by a factor z. The primes denote 
derivatives with respect to the relevant argument. Eliminating c. and d. from the above set of 
equations we obtain the solutions 
* 11, (Y) (X) -m*. CV) (X) an =9 
*M(Y)C"(X) - M*"(Y)( jl(x) 
b= mp(y)4x(x) 
- 
- 
For the coefficients c. and d. we find fractions with the same respective denominators and 
- 
2.4 
as common numerator. This completes the solution of the problem. The field at any point, 
either inside or outside the sphere, is now fully determined. 
2.3 Amplitude functions, cross sections and efficiency factors. 
The scattered field is generally described by the amplitude matrix S(0,0), with 0 and 0 the 
Fig. 1. Decomposition of electric vectors of incident and scattered waves. 
z 
Y 
x 
scattering angles in spherical coordinates. So the field at any point is given by: 
1 2 
S3 
e -4"+O'z 
Elo l 
E rl 
S4 S11 ikr Efo 
where S,, S29 S3 and S4 are the elements of the amplitude matrix, E,, and E,, are the 
components of the incident field, and El and E, the components of the scattered field. The 
indices r and I refer to the electric fields perpendicular to and parallel with the plane of 
scattering (see figure 1). 
Especially for spherical particles S3"-SI=O and 
S1, S2 depend only on the scattering angle 0. 
So, for spherical particles the general formula reduces to the following simple relations 
2.5 
SI(O) e -Lkr+ikz Eo 
ikr 
El = S2(0) e Elo ikr 
where the amplitude functions are given by: 
SO) 2n+l [an7c,, (cos6) + b,,, r. (cosO)l 
n(n+l) 
S201) "2 
i 2n+l [bn*nn(CoSe) + anrn(cose)] 
n-I n(n+l) 
and 
11 
7C. (COSO) = 
sinO 
P., (Cos()) 
I T"(COSO) 
A P., (COSO) 
de 
Using the above set of fbimulae, it is possible to describe the intensity and state of 
polarisation of the scattered wave in any direction, if radiation with an arbitrary intensity and 
state of polarisation is falling on the sphere. Of particular interest is the case for which 0=01' 
(forward scattering). In forward scattering we have S1(0)=S2(0) and the expression for the 
scattered field is further reduced to 
S(O) =1j (2n+l)(a,, +b. ) 2 ,., 
because of the relations 
7t, (1) == 
! 
n(n+1). 
The total extinction cross section for a single particle is then given by: 
2.6 
Cw = -ý! Re[S(O)l 71 
The extinction cross section may be defined as follows. If a plane wave is incident on a 
particle, currents induced in it will set up a remdiated field. The scattering cross section C.,. 
multiplied by the incident power density gives the total power in this re-radiated fleld alone. 
Similarly, power dissipated within the particle is defined as an absorption cross section C. b. 
multiplied by the incident flux. The extinction cross section is then defined as Cc, ýC. +C. b, 
and is a measure of the total power that the particle can remove from the coherent forward 
travelling plane wave. The scattering cross section for a single particle is given by: 
C'm =1j (2n + 1) ( laf + lb. F 27r 
,., 
and the absorption cross section may be simply calculated as Cbý=C,,,, -C,.. The scattering 
cross sections are measured in area units. If we want to measure how efficiently a spherical 
particle of radius a absorbs, scatters or removes the incident electromagnetic radiation, then 
the corresponding absorption, scattering and extinction efficiency factors will have to be 
considered. These factors are dimensionless and defined as Q. C, G, Q CJG and b, = a %F I 
Q. =C, dG, where G=xe. The former definitions refer to a single particle. If someone wants 
to find the attenuation resulted by a medium containing N similar particles, then the specific 
resultant attenuation is 
4.343 -N-Ca [ 
dB I- 
unit distance 
If the particles have different radii, but the size distribution is given, that is N(a)da particles 
with radii between a and a+da per unit volume, then the specific attenuation is given by: 
ft 
4.343-f C. A(a)da dB 
0 unit &stance 
2.7 
2.4 Scattering calculations for spherical ice and water particles. 
Using a Mie scattering program (Papatsoris [ 1990], see also appendix A), the scattering cross 
sections of spherical ice and water particles have been calculated. For ice, calculations have 
been performed over the 10-300 GHz frequency range for particles with 0.1,0.2,0.5,1.0,2.0 
and 5.0 mm radii. Similar calculations have been repeated for water drops. The index of 
refraction of ice is calculated using Ray's [1972] model and that of water using Manabe's 
[1987) model. Forthe ice crystals the temperature is assumed to be -10 *C and for water drops 
10 *C. The calculations fall into two categories. The first refers to the forward scattering case 
and is directly related to the resultant attenuation; the second refers to the back sdattering case 
and is directly related to radar observations of rain and cloud structures. 
2.4.1 Forward scattefing. 
2.4.1.1 Scattering cross sections of ice and water spheres. 
Fig. 2. Scattering cross sections of spherical ice particles. 
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Figure 2 illustrates the scattering cross sections of spherical ice particles. Regarding the ice 
scattering cross section curves, one interesting feature is revealed; the occurrence of a 
sequence of peak and valley regions which is dependent upon the size of the particle. The 
peak and valley regions for different particle sizes are tabulated in table 1. Generally speaking, 
big particles exhibit more and sharper peak-valley configurations than smaller ones. We may 
Table I. Frequencies for which the extinction cross sections of spherical ice particles of 
various sizes maximize or minimize. 
radius [mm] Pcaks [GHz] Valleys [GHz] 
1 105-155 220-250 
2 55-75,155-175,250-270 110-130,205-225 
5 
1 
25-35,60-70,100-110, 
140-150,175-185,215-225, 
255-265 
45-55,80-90,120-130, 
160-170,195-205,235-245, 
275-285 
seek the explanation to this, in terms of constructive and destructive interference between 
diffracted and transmitted radiation. Since the two fields (diffracted and transmitted) simply 
add together to give the total resultant field in the shadow area behind the particle, we may 
say that the peaks occur when the fields interact constructively and the valleys when they 
interact destructively. 
But the most striking feature of all, is the existence of numerous small scale fluctuations in 
the ice scattering curve. This peculiar behaviour of ice has been verified by Pendorf [1960], 
Hennan and Battan [1961], Kerker [1969], Ruck [1970] and others who have published similar 
scattering calculations for ice and other dielectric materials. A similar pattern -but severely 
more pronounced- is revealed, when bistatic or back scattering cross sections are calculated 
(see section 2.4.2.1). Why this is happening, it is not so simple to explain. A complete 
treatment and a rigorous explanation for this phenomenon will be given in the next chapter. 
Figure 3 shows the scattering cross sections of spherical water particles. Similar resonance 
effects to those that Holt and Evans [ 1977] found are here observed. The water scattering cross 
sections reach a peak value and then oscillates but the oscillation quickly damps with increasing 
2.9 
Fig. 3. Scattering cross sections of spherical water particles. 
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frequency. The peak is dependent upon the size of the particle and occurs at lower frequencies 
for the larger particles. The frequencies that the peaks occur for various particle sizes are 
tabulated in table Il. As frequency increases, the scattering curve tends asymptotically towards 
Table H. Frequencies for which the scattering cross sections of spherical water particles of 
various sizes maximize. 
radius [mm] Peak value [GHz] 
1 52.4 
2 27.3 
5 11.3 
the Mic optical limit. Compared with the ice scattering cross sections, water cross sections are 
always smaller, but become comparable to ice cross sections in the valley regions. 
Nevertheless, it is apparent that ice particles scatter the incident radiation twice as efficiently 
as water drops. This can be verified in figure 4 where both scattering cross sections for 
spherical water and ice particles of the same size are illustrated. 
2.10 
Fig. 4. A comparison between the scattering cross sections of ice and water particles. 
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2.4.1.2 Absorption cross sections of Ice and water spheres. 
Figure 5 shows the absorption cross sections for ice. As expected, the ice absorption cross 
sections are much smaller than the scattering cross sections (ie 300 times on the average in 
the Mie optical region). lberefore, their contribution to the total extinction cross section is 
almost negligible. It is interesting to note though, that the ice absorption cross sections 
fluctuate strongly with frequency in a way similar to that observed in the scattering cross 
sections. A closer examination reveals that the numerous local minima and maxima occur at 
the same frequency positions for both absorption and scattering curves. 
The absorption cross sections for water can be seen in figure 6. Again the water absorption 
cross sections reach a peak value and then oscillate but the oscillation quickly damps with 
increasing frequency. This phenomenon which is also present in the scattering cross sections 
of water drops (see section 2.4.1.1) can be explained in terms of the same physical mechanism 
deployed to physically translate the scattering diagrams of spherical ice particles. The only 
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Fig. S. Absorption cross sections of spherical ice particles. 
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Fig. 6. Absorption cross sections of spherical water particles. 
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difference here is that the transmitted field is heavily attenuated because of the large imaginary 
part of the refractive index of water, and as a result the oscillation damps quickly. Regarding 
figures 3 and 6, we see that the absorption and the scattering cross sections of spherical water 
particles are of the same order of magnitude over much of the millimetre wave spectrum. 
Therefore, at millimetre wavelengths the intensity of a radiowave which propagates through 
an ensemble of water particles suffers attenuation which is due both to scattering and 
absorption. 
2.4.1.3 Distinction between scattering and absorption regions for ice. 
Figure 7 shows the ratio of the scattering cross section to the extinction cross section (also 
known as the scattering albedo) as a function of frequency for various sizes of ice spheres. 
Fig. 7. Scattering albedo for ice particles with various radii. 
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Regarding carefully figure 7, we see that smaller particles absorb a much more significant 
I 
0.95 
0.9 
0.85 
0.8 
percentage of the incident energy than the larger ones for frequencies up to 30 GHz. This is 
2.13 
shown better in figure 8 where the values of the scattering and absorption cross sections for 
ice spheres of various sizes are depicted. For a particle with radius i--O. Imm, the absorbed 
energy is greater than the scattered for frequencies up to approximately 44 GHz, where the 
two energies are equal. Although the proportion of energy absorbed is much greater (orders 
Fig. 8. Absorption and scattering cross sections of spherical ice particles with radii r=0.1,0.2, 
0.5 and I mm. 
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of magnitude) than that scattered at lower frequencies, the absolute values are of course very 
small and usuallY negligible. As the size of ice particles increases, the cross-over point moves 
fast to lower frequencies. The cross-over points for various particle sizes may be found in 
table III. 
Table M. Frequencies for which the absorption and scattering cross sections of spherical ice 
parucies are ine same. 
radius [mml frequency [GHz] 
0.1 44 
0.2 25 
0.5 12 
10-3 
cn j2 
0 1()-4 
ce li 10-5 
10-6 
10-7 
0 
102 
14 
-00 
10-1 
2.14 
So, we can safely say that for frequencies above 60 GHz the ice resultant attenuation is almost 
exclusively due to scattering even for quite small ice crystals. 
2.4.1.4 Distinction between scattering and absorption regions for water. 
Figure 9 shows the ratio of the scattering albedo (O,, =CjQ,.. for various sizes of water drops 
as a function of frequency. Careful inspection of figure 9 reveals that small particles absorb 
a much more significant percentage of the incident energy than the larger particles even for 
frequencies up to 300 GHz. Nevertheless, the magnitude of the absorption cross sections of 
Fig. 9. Scattering albedo for water spheres with various radii. 
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small water drops is too small and usually negligible. For medium sized particles (i. e. 0.5mm 
in radius) absorption dominates over scattering for frequencies up to 100 GHz, but as we 
move to higher frequencies both become soon level. For particles greater than Imm in radius, 
scattering becomes more important than absorption even at microwave frequencies and 
contributes about 60% to the total extinction thmughout the rest of the millimetre wave 
2.15 
spectrum. A comparison between the scattering and absorption cross sections of water spheres 
of various radii over the frequency range 10-300 GHz may be seen in figure 10. 
Fig. 10. Absorption and scattering cross sections of ice spheres with mdii r--0.1,0.2,0.5 mm 
and lmm. 
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2.4.1.5 Extinction cross sections of ice and water spheres. 
Finally the extinction cross sections of spherical ice and water particles of various sizes are 
illustrated in figure 11. At microwave frequencies the water extinction cross sections are 
always greater than the ice extinction cross sections. The smaller the particles the bigger the 
ratio of the water extinction cross sections to the ice extinction cross sections becomes. 
However, as frequency increases and the particles become bigger in size, the ice extinction 
cross sections become comparable or greater than those of water. 'Me variation of the ratio 
C,., (water) / C,.,, (ice) with frequency and particle size can be seen in table IV, below. Also 
shown is the frequency for which the two cross sections become equal. 
........................ ................... 
r=O. Sknm C-) 
U 
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Fig. 11. Extinction cross sections of spherical ice and water particles with radii r--0.1,0.2,0.5, 
1,2 and 5 mm. 
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Table IV. Variation of the C,.. (water) / C,, (ice) ratio with frequency and size particle. 
f 
[GHz] 
30 60 100 150 300 C, /Cj=l 
0.1 507 459 176 66 13 
0.2 254 94.5 35.5 16.5 2.97 - 
r 0.5 57.7 19.6 5.64 1.15 0.60 158 
[mm] 
1.0 19.37 2.57 0.84 0.60 0.89 78' 
2.0 2.66 0.60 1.29 0.89 1.12 38 
ýI 
LL-0-1 0.57 0.88 0.88 1.00 0.95 15 
In conclusion ice becomes important for particles bigger than I mm in diameter for 
frequencies greater than 150 GHz. For smaller particles ie 0.4 mm in diameter the ice 
extinction cross sections are very small so the resultant attenuation is expected to be very low. 
For even smaller particles the ice extinction cross sections are too small and even at 300 GHz 
r 
they are 13 times less than those of water. 
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2.4.2 Back scattering. 
According to Mic, theory the back scattering cross section cy is given by: 
x2 12 = 
12 1 _I)n 12 -ISI(1800) _j( (2n+l) 
(an-bn) 
7C 2n '. 1 
where X the wavelength of the incident radiation and a. and b,, are the Mic scattering 
coefficients, expressed in terms of spherical Bessel and Hankel functions, dependent upon the 
size and the refractive index of the particle. 
2.4.2.1 Back scattering cross sections of ice and water spheres. 
The back scatter efficiency factor Q=q/ne (or normalized radar cross section) versus size 
parameter x for ice and water spheres are plotted in figure 12. The frequency of the incident 
wave is 30 GHz and the temperature for ice is -10 *C and for water 10 IC. The size parameter 
ranges from 0.30 to 15.7 with an increment step of 6.28klO-4. Fluctuations similar 
Fig. 12. Radar cross sections of spherical ice and water particles. 
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to those in the extinction curve but severely more pronounced are now observed. Careful 
comparison between figures 4 and 12 reveals, that the sharp minima and maxima appearing 
in the extinction or the back scattering curves for ice, occur at the same values of the size 
parameter. This observation will be proved very useful in the next chapter, where these 
resonance phenomena are rigorously treated. The striking effect of the numerous strong 
resonances depicted in figure 12 does not only appear in theoretical calculations, but has been 
experimentally verified by Atlas et al [19631. Results from their experiments along with 
theoretical calculations from Herman and Battan and Kerker and Matijevic (from the same 
paper) can be seen in flgure 13. 
Fig. 13. Theoretically calculated and experimentally measured radar cross sections of 
dielectric spheres (from Atlas et al [1963]). 
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The radar cross sections of water spheres are also plotted in figure 12. The unusual oscillation 
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of the water radar cross section with size parameter have been experimentally verified by 
Aden [19511 and theoretically calculated by Haddock [1956] (see figure 14). Theory and 
experiment thus check very well but still an explanation for the extremely strong fluctuations 
is needed. According to Van de Hulst [1957], the correct explanation is that a surface wave 
excited by die grazing incidence near the edge travels around the sphere la 3/2,5/2 times, 
etc., and gives off radiation which interferes either constructively (maxima in the back 
scattering curve) or destructively (minima in the back scattering curve) with the axially 
reflected wave. An empirical expression for the induced surface waves has been given by 
Probert-iones [1963] and an exact expression rigorously deduced by Senior and Goodrich 
[1964]. The suggested expressions have been compared with exact theoretical computations 
Fig. 14. Radar cross section a computed for back scattering by water drops and totally 
reflecting spheres at ý, -3mtn (after Haddock [1956]). 
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for totally reflecting spheres. Excellent agreement was revealed, indicating that interference 
between axial rays and surface (creeping) waves is the physical mechanism responsible for the 
23 
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strong fluctuations observed in the back scattering of absorptive or conducting spheres. 
2.5 Conclusions. 
In this chapter various resonance and interference phenomena in the scattering from spherical 
ice and water particles have been reviewed. In the forward direction the scattering process is 
determined by interference between diffracted and transmitted fields. It is the constructive and 
destructive interference between those fields that causes the oscillation of the extinction cross 
sections of ice and water particles. In the backward direction the scattering process is 
determined by interference between reflected fields and surface waves (external or "creeping" 
waves for water and internal surface waves for ice). The constructive or destructive 
interference between these fields leads to oscillations of the radar cross sections of spherical 
ice and water particles. However, the occurrence of numerous small scale fluctuations in the 
ice extinction curve which become quite more pronounced in the back scattering case has not 
been satisfactorily explained yet. A closer look at this problem is taken in the next chapter, 
where a new physical mechanism is nominated to explain this intriguing phenomenon. 
3.1 
CHAPTER 3 
A RIGOROUS EXPLANATION FOR THE RESONANCES OBSERVED IN THE 
SCATTERING OF DIELECTRIC SPHERES. 
3.1 Introduction. 
In the previous chapter we employed Mie theory to calculate the absorption and scattering 
cross sections of spherical ice and water particles at millimetre wavelengths. We also identified 
and explained the physical mechanisms lying behind the theoretically derived results. 
However, not all phenomena in the numerical results have been satisfactorily explained. 
one such phenomenon, is the existence of numerous fluctuations in the scattering of dielectric 
spheres. This phenomenon appears as a tiny ripple structure in the forward scattering curve 
(0=00) and becomes progressively more pronounced for increasing scattering angles. For 
0=1800 (back scattering case), the fluctuations are so strong, that the radar cross sections may 
oscillate by an order of magnitude for adjacent values of the size parameter. This is illustrated 
Fig. 1. Forward extinction cross sections (exaggerated 5 times for the sake of better visual 
observation) and radar cross sections of ice spheres versus size parameter. 
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in figure 1, where the scattering cross sections of ice spheres for 0=01 and 0=18011 versus size 
parameter have been plotted. 
In order to explain the peculiar behaviour of dielectric spheres several physical mechanisms 
have been proposed by various researchers. The existence of the ripple in the forward 
scattering has been attributed to internal surface waves. Internal rays from the theory of 
geometrical optics along with diffracted fields have been suggested as the principal 
contributors to the back scattering. With none of the above mechanisms being absolutely 
convincing, a new physical process is nominated for the interpretation of the resonance 
phenomena present in the scattering of dielectric spheres. The identification and the rigorous 
mathematical description of this process is the subject of this chapter. Before the details of the 
derivation are given, a brief review of the already suggested mechanisms will be presented. 
3.2 The ripple structure in the extinction curve. 
The existence of the ripple structure in the extinction curve was revealed when powerful 
computers capable of performing large scale computations became available. Before then, most 
other computations had been made with steps in the size parameter x too big to reveal the fine 
structure. Van de Hulst was amongst the first to analyze such revealing data provided by the 
Cambridge Air Force Research Centre (CAFRC). The calculations were performed on an IBM 
701 computer, covering the range x=O to 30 with narrow intervals of x and for real values of 
the refractive index m=1.33,1.40,1.44,1.486 and 1.50. A graphical representation of some 
of these data may be seen in figure 2, where the extinction efficiency factors versus size 
parameter for m=1.5,1.33,0.93 and 0.8 are depicted. Based on a series of extensive studies 
for material bodies with rn real, Van de Hulst suggested the following empirical formula 
S(x, O)= 
Ix2-x 2m 221. -2ix(m-1) + (0.46-0.80ox4r' + ripple , 2 (M+1)(M -1) 
3.3 
in order to approximate Mie's complex but exact analytical expression. The terms in the 
former expression are given in order of importance. The first term describes the diffracted and 
Fig. 2. Extinction curves computed from Mie's formulae for m=1.5,1.33,0.93, and 0.8 (after 
Van de Hulst [19571). 
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the second the refracted field. In the refraction term, provision is taken only for the 
contribution due to the central rays that leave the sphere after having covered a path equal to 
a single diameter. The remaining terms which correspond to the central rays that cover the 
diameter of the sphere 3,5 or more times have been omitted, as they are numerically 
insignificant in the range of ni considered (m=l to 2). The third term describes grazing 
reflection effects, ensuring that the extinction curve lies above Qext=2. It also decreases less 
rapidly with increasing x than the refraction term does, indicating so its importance for large 
sizes of the size parameter. The suggested formula and Mie's exact solution are both depicted 
3.4 
in figure 3. 
Fig. 3. Van de Hulst's empirical formula for the approximation of the forward extinction cross 
sections of dielectric spheres. 
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It can be seen that die agreement is quite good apart from the numerous small scale 
fluctuations observed only in the analytically calculated curve. To account for these 
fluctuations a fourth term was added in the approximate formula, denoted as 'ripple'. 
Examining carefully the CAFRC data for all five real values of the refractive index rn (see 
above), Van de Hulst was able to assess some general properties of the ripple, which are 
summarised below: 
a) The ripple is not confined to any particular value of m. It appears with approximately equal 
strength in all five curves. 
b) The ripple has a definite periodicity: peaks or valleys recur at intervals about 0.80 in x for 
all values of rn concerned. 
c) The ripple is not a pure sine wave. It resembles somewhat the beat pattern of two sine 
3.5 
waves of slightly different periods, but this is too coarse a description. In some regions it 
shows double peaks in the interval 0.8, and in some it shows single ones, as indicated below 
Table L Single and double peaks of the ripple. 
Refractive 
index 
Double peaks of equal 
amplitude near 
Single peaks near 
m=1.33 x=20.5 x=30 
m=1.40 x=17.5 x=27.5 
m=1.44 x=14 x=23.5 
m=1.48 x=12 x=20 
m=1.50 x=12 X--19.5 
d) Since these values of x are nearly proportional to 1/(m-1), the character of the ripple 
(double or single hump) has a tendency to recur at the same value of p=2x(rn-1), i. e., at a 
fixed position in the major fluctuations. 
c) The ripple also has an imaginary component. 
3.2.1 Van de Hulst's tentative explanation by means of surface waves. 
Let us suppose that a ray bundle is striking the dielectric sphere at grazing incidence (see 
figure 4). Then a surface wave is generated which begins to circumnavigate the sphere. At any 
point along the surface the wave will lose energy by two effects; the refraction into the sphere 
along AB or AW as indicated by Ott's [ 1942] theory of the surface waves for dielectrics, and 
the spray in the forward direction along AP and A'P', etc. It is very unlikely that the original 
surface wave will travel all the way around the sphere and still produce a noticeable effect. 
The increase in optical length due to taking the 'short cut' through the sphere, rather than 
travelling on the surface is 
hr = 2rtanaC - 2ra, . 
where r the radius of the sphere and m=I/sink with a, the critical angle of incidence. 
3.6 
Fig. 4. Reinforcement of the surface wave on a dielectric sphere by waves travelling through 
the body. 
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In travelling around the sphere, the surface wave will take N short cuts and each time will 
suffer 4 phase decrease corresponding to an optical path hr. The full optical path around the 
body will then be 2nr+Nhr. It is more likely that N will be close to the maximum number of 
possible short cuts, for example 3 in the case of ice, where m=1.78. Constructive or 
destructive interference with the diffracted wave will occur, if this optical path is increased 
by a full wavelength. Therefore, the peaks observed into the extinction curve should be given 
by: 
A(2nr + Nhr) =I, 
and so 
Ax =1 1 +Nhl2n 
would normally give the distance between consecutive peaks. Solving for ni=1.78 and N=3 
short cuts, one finds Ax--0.67. This is in good agreement with the calculated data and ]ends 
support to the suggested explanation. Not all peaks can be predicted utilizing this theory, but 
II 
SI 
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certainly Van de Hulst's treatment suggested that a more rigorous approach for the Tipple 
structure could be based on the nature of surface waves, already discussed here. 
3.2.2 The electric and magnetic multipoles of Metz and Dettmar. 
Another explanation was suggested by Metz and Dettmar [1963] who wrote the Mie 
expression for the extinction efficiency factor as 
m q,, ' + qn 
n-I 
where q, ý--2(2n+l)Re(a, )/xý, V=2(2n+I)Re(b. )/x2 with qý and e called electric and 
magnetic multipoles of order n. The electric and magnetic multipoles for n=1 to 10 and for 
real refractive index m=2 versus size parameter x are depicted in figure 5. Careful inspection 
Fig. 5. The electric and magnetic multipoles of Metz and Detunar for size parameter x=0-7 
and index of refraction M=2 (after Metz and Dettmar [1963]). 
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of figure 5 and figure 6 in which the forward efficiency factor Q. versus size parameter x for 
n1=2 has been plotted, reveals that the local maxima in the extinction curve occur where the 
electric or magnetic multipoles take their peak values. 
For higher values of the refractive index (m>2), the peaks become sharper, giving rise to 
23S7 
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strong resonance phenomena. At the other end, that is when rn approaches unity, the peaks 
smooth out and finally disappear for rn less than or equal to unity. 
Fig. 6. Extinction cross sections of dielectric spheres with m=2 (after Metz and Dettmar 
[19631). 
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So, Metz and Dettinar's multipoles give at least some explanation for the occurrence of the 
numerous peaks in the extinction curve. But apart from being useful mathematical entities, the 
electric and magnetic multipoles; fail to support a physical mechanism involved in the 
scattering process. 
3.3 The back scattering of dielectric spheres. 
Various electromagnetic techniques and theories have been applied to interpret the back 
scattering of dielectric spheres. In general, comparisons between the numerical results of Mie 
and the suggested theories have been carried in the frequency and more recently in the time 
3.9 
domain. 
3.3.1 Geometrical optics 
The first ever attempts to interpret the back scattering of dielectric spheres employed 
geometrical optics methods. Kouyoumjian [1963] made use of my optics to consider refraction 
and reflection of various significant rays by the dielectric body. The major modification of the 
theory of the classical geometrical optics, is the inclusion of the fields of the glory my and the 
rainbow ray in the back scattered field. The fields of these rays are not included in the 
classical geometrical optics treatment because the field of the glory ray is 
Fig. 7. Radar cross section of a dielectric sphere with m=1.61 as a function of the size 
parameter, calculated by the use of modified geometrical optics (after Peters [1965]). 
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found to be infinite, and die path of the rainbow ray does not pass through the path of 
observation. Kouyoumjian used concepts from physical optics and the method of stationary 
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phase to obtain proper field contributions from these rays. Following the principles of his 
modified geometrical optics method, Peters [1965] calculated the radar cross sections of 
dielectric spheres. The results for a dielectric sphere with m=1.61 may be seen in figure 7. 
Thus the geometrical optics method seems to be relatively successful in representing the 
mechanisms involved in the back scattering of dielectric spheres. However, the validity of the 
modified geometrical optics method was questioned by Rheinstein [1968], who considered the 
back scattering from dielectric spheres in the time domain. 
3.3.2 The back scattering of dielectric spheres in the time domain. 
Another potential approach to the problem of back scattering from dielectric spheres is the 
impulse response in the time domain. Utilising rigorously computed values of the amplitude 
and phase of the continuous wave backscatter, short pulses of electromagnetic waves are 
synthesized by Fourier series. The resultant response is examined as a function of time and 
the individually resolvable returns are attributed to some approximate theories. 
Rheinstein [19681, suggested that relatively simple ray tracing considerations suffice to predict 
the position of at least a portion of the observed returns. So, the front axial as wen as other 
axial returns of higher order, stationary rays and the glory would contribute to the backscatter. 
However, he discovered a discrepancy between the predicted amplitude and that observed in 
the short pulse response for one of the returns, viz., the glory ray. The short pulse response 
also indicated the presence of a series of returns not predicted by geometrical optics. 
Rheinstein related these returns to surface waves -similar in nature to those considered 
pmviously by Van de Hulst-, which might take short cuts through the sphere at the critical 
angle of internal reflection. In his final conclusions Rheinstein suggested that further study was 
necessary to improve the understanding of these surface waves and of the ray optics as well. 
A few years later Ray and Stephens [1974] utilized again the impulse response technique in 
an attempt to give sufficient understanding to the scattering by ice spheres. Contributions from 
3.11 
the glory, front and rear axial and stationary rays in combination with an internal surface wave 
of one cut and the electric dipole model are all summed up together to compose a complex 
model for ice back scatter. The total model is depicted in figure 8, where various individual 
contributions can be distinguished. The front axial, rear axial, glory and stationary my 
contributions are combined for x>l and labelled geometric optics. The geometric optics 
contribution is combined with the internal surface wave contribution and labelled total. An 
electric dipole -approximation is used for x<l. 
Fig. 8. Analytically and empirically calculated radar cross sections of an ice sphere with radius 
2 cm at a temperature of 01 C (after Ray and Stephens [1974]). 
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In conclusion, internal rays and diffracted fields are the principal contributors to the 
backscatter by ice spheres. However, the failure of the suggested model to account for the fine 
structure, clearly indicates the lack of sufficient understanding in the phenomena involved in 
the scatteiing process. 
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3.3.3 Surface waves. 
Inada and Plonus [1970a, 1970b], applied the Watson transformation to split the exact Mie 
solution into the geometrical optics fields and the diffracted fields. The fields corresponding 
to the geometrical optics back scattered rays were asymptotically evaluated from the line 
integral of the transformed Mie series by a saddle point method. The diffracted fields were 
evaluated by finding the poles of the integrand and computing the residues. The authors 
connected -rather arbitrarily- the residue contributions with two different types of surface 
waves; "creeping waves" or D-type waves analogous to those of a perfectly conducting sphere 
which encircle the sphere, and internally reflected surface waves or E-type waves. In their 
analysis they ignored the contributions of creeping waves because for a dielectric material 
these waves are strongly damped. Only the contributions of the internally reflected surface 
waves were taken into account. Utilizing this approach, Inada and Plonus found that the 
contributions of the geometrical optics fields are negligible and suggested that the major 
contributors to the back scattering are the diffracted fields which give rise to surface waves. 
This conclusion is of course in clear disagreement with the modified geometrical optics theory. 
Furthermore, the contribution of the diffracted fields (surface waves), seems not to be the 
dominant return in the time domain of the impulse response technique. 
Murphy et al [1980] also expressed the infinite Mie series into a convenient form to attribute 
the resonances observed in the backscatter curve to surface or "creeping waves". They showed 
that these resonances may be thought as originating through a mechanism in which families 
of attenuated circumferential waves are generated during the scattering process which 
repeatedly circumnavigate the scattering object. At one of the cigenfrequencies (or equivalently 
the poles which appear in the Watson transformation of the Mie series) of the sphere, the 
wavelength of one of the surface waves is such that the wave repeats itself after successive 
circumnavigations ("phase matching"), and a resonant reinforcement occurs. 
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3.4 A new physical mechanism responsible for the resonances of dielectric spheres. 
In the preceding sections we reviewed various explanations for the resonances of dielectric 
spheres. Generally, two approaches have been adopted so far. One, which appeals to 
geometrical optics methods and another which involves mathematical manipulations to relate 
the scattering coefficients k and b. of the infinite Mie series to more understandable 
physically interpreted entities. With none of them being able to convincingly answer the 
problem, a new physical mechanism is proposed for the interpretation of the resonance 
phenomena in the scattering of dielectric spheres. 
We saw in chapter 2, that the numerous fluctuations occur for a dielectric sphere at exactly 
the same positions of the size parameter for all scattering angles. It is logical therefore to 
assume, that at these points the dielectric sample removes the incident energy more efficiently. 
This excessively removed energy can not be dissipated within the particle, because it has an 
almost real index of refraction. Instead, this energy is reradiated towards all directions and can 
be furthermore enhanced by the externally applied field according to the scattering dir-Cction. 
This was verified by Gastine et al [1967], who studied the resonances of dielectric spheres in 
an experimental setup which is illustrated in figure 9. The recordings of the dimensional 
resonances of two dielectric spheres 3.9mm and 4mm in diameter are shown in figures 10 and 
11, respectively. The dimensional resonances can be easily recognized from the points where 
the transmitted power is heavily attenuated. When the frequency of the incident field lies close 
to some mode of free oscillation of the dielectric sphere a large portion of the energy of the 
propagating field is removed by the sphere which acts as a dielectric resonator. A large portion 
of this removed energy is reflected back to the opposite direction where it is eliminated by the 
isolator. The remaining portion of the energy is eventually transmitted towards the direction 
of propagation and is recorded at the crystal detector. Thus, the presence of the numerous 
resonances in the scattering from dielectric spheres must be closely related to the behaviour 
of dielectric resonators. 
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Fig. 9. Experimental setup in order to observe tile dimensional resonances: I)swccp generator, 
2)oscilloscope or recorder, 3) dielectric sphere 4)isolator; 5)crystal detector, and 6)wavcguide. 
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In the following, we will show that the excitation of the modes of free oscillations of the 
spherical ice particles are responsible for the resonances observed in the scattering curves. 
Whenever the frequency of the externally applied field approaches a characteristic frequency 
46 46 
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of the free oscillations, resonance phenomena will occur. 
3.4.1 Modes of free oscillations of a sphere. 
Let us suppose that a sphere with radius a and complex index of refraction m is placed in an 
inflnite homogeneous medium, free space in this case. Charge is displaced from the 
equilibrium distribution on the surface of the sphere and then released. The resulting 
oscillations of charge are accompanied by oscillations of the surrounding field, which can be 
represented as a superposition of characteristic wave functions [Stratton 1941a] 
n-I 
ICJII 
The functions may be odd or even, while m and n represent the number of nodes with respect 
to the spherical angles ý and 0. The coefficients an and bn represent the amplitudes of the 
oscillations of magnetic and electric type, respectively. These oscillations are also known as 
transverse magnetic modes (TM), or transverse electric modes (TE). 
3.4.2 TM modes. 
Let us consider an oscillation of magnetic type: 
E=-(Aem, m, 
mn+Aom, 
m, 
m, 
)P 
H= 
Solving Maxwell's equations in a system of spherical coordinates under the restriction that the 
field is finite at the origin and regular at inflnity, we have for r<a (inside the sphere) according 
to Stratton [1941b] 
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1 =O, 
i 
Y;. 
stnO Z4 
9 ay; ý Ei=-Vn(k, r)e- 
I n(n+l) i y !j (kr)e-1". 
ica p, 'r' 
L cl Y; ýn 
-I [krj., (kr)lle -I' Is ica cA3 r 
Hol c3y., i [krj,. (kr)] le 
i(a P. sine wr 
where Y., g is the tesseral harmonic 
&f8 Y;, =(A,. cosmý+A,., sinmý)P,. 'M(cosý) 
and the prime in denotes differentiation with respect to kr. 
Outside the sphere, that is for r>a, the solutions are obtained in a similar manner by replacing 
YImn by Ymn, k, and p, by ko and po, and j,, (lcr) by V)(kor). 
The continuity conditions on the separation surface of the sphere must be satisfied, so 
IIeIei Eý=Ee', Ej=Ej, Hý=Ho, Hj=Hý* (r=a) , 
leading to a characteristic equation which is both complex and transcendental 
[mxj,, (mx)]' [xh()(X)ll 
gin(mx) goh C2) 
.1 (X) 
where x=koa denotes the size parameter. The roots of this equation belong to a discrete set of 
characteristic values x. which result to a set of natural frequencies, or TM modes of 
osciHation. 
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3.4.3 TE modes. 
These modes of oscillation arc quite independent of the magnetic modes, but the fields and 
the natural frequencies arc determined in exactly the same manner. We now have 
E=-(B N +B N emn emn omn omn 
H=---L-(B,. M,.,. +B,. M.. ), iwp 
with appropriate expressions for the fields inside and outside the sphere. Finally the continuity 
of the tangential components of the fields at the separation surface lead to the transcendental 
equation 
[MXj, (MX)]l lj, ()[Xh(2)(X), 
1 
c2) 
m'J. (mx) l' (X) 
which is also satisfied only by a discrete set of characteristic values, resulting to a set of 
natural frequencies, or TE modes of oscillation. 
3.4.4 Solution of the tmnscendental equations. 
The former tmnscendental equations can not be solved analytically and therefore numerical 
analysis methods have to be employed in order to determine the complex roots. An algorithm 
based on the NAG supplied C05NCF routine [Numerical Algorithms Group Ltd. 1988] was 
designed, to solve numerically these equations (see appendix B). This routine chooses the 
correction at each step as a convex combination of the Newton and scaled gmdient directions. 
it converges rapidly and guarantees very accurate results even if the starting points lie far from 
the solution. 
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3.4.5 Solutions for ice particles. 
For each integer order of the transcendental equation there is a corresponding discrete set of 
roots. Figures 12 and 13 illustrate the real and imaginary parts of the first three complex roots 
of the transcendental equations which result to various TM and TE modes of osculation. The 
index of refraction of ice m= 1.775-6.574xlO-4i has been calculated at 30 GHz and -1011 C 
using Hufford's modcl [1987]. 
Of particular interest are the roots with very small imaginary parts, since these give rise to the 
resonance peaks. Whenever the real frequency of an externally applied field approaches the 
real part of a complex natural mode, the sphere removes the incident energy more efficiently. 
This energy may be either scattered and/or absorbed by the material depending on the index 
of refraction. In order to accurately resolve the local maxima, Me calculations both for 
forward and back scattering cases have been performed (see figure 1), with a very fine 
Fig. 12. Real parts of the electric (TE) and magnetic (TR modes of free oscillations of ice 
particles. 
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Fig. 13. Imaginary parts of the electric (TE) and magnetic (TM) modes of free oscillations of 
ice particles. 
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Fig. 14. Detailed view of the extinction cross section and radar cross section of ice spheres 
(extinction cross sections exaggerated 5 times for comparison purposes). 
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Table 111. Maxima in the Mie scattering calculations for the forward and backward scattering 
cases and responsible mode of free oscillations. 
Mic maxima 
0=0* 0=180' 
Refegf) TM 
mode 
Mic maxima 
0=0" 0=180* 
Re [ egf) TE 
mode 
3.036 3.007 2.993 31 4.638 4.664 51 
3.693 3.724 3.673 41 5.369 5.325 5.357 61 
4.359 4.441 4.347 51 6.048 6.026 6.039 71 
5.024 5.043 5.015 61 6.714 6.701 6.712 81 
5.682 5.639 5.676 71 7.375 7.375 7.376 91 
6.334 6.348 6.330 81 8.031 8.037 8.032 101 
6.981 6.995 6.981 91 8.680 8.686 8.680 11 1 
7.625 7.634 7.624 101 9.322 9.327 9.322 121 
8.263 8.271 8.263 11 1 9.958 9.963 9.958 13 1 
8.448 8.401 82 10.590 10.595 10.589 14 1 
8.897 8.906 8.897 121 10.706 10.675 112 
9.141 9.075 9.078 92 11.216 11.220 11.216 15 1 
9.527 9.536 9.527 13 1 11.352 11.364 122 
9.816 9.792 9.752 102 11.839 11.842 11.839 16 1 
10.153 10.160 10.153 141 12.458 12.459 171 
10.462 10.475 10.422 112 12.726 12.668 12.733 142 
10.775 10.784 10.776 15 1 13.077 13.108 13.076 18 1 
11.109 11.121 11.091 122 13.412 13.401 13.411 152 
11.395 11.404 11.395 16 1 13.693 13.691 191 
11.765 11.784 11.757 132 14.086 14.090 14.084 162 
12.013 12.019 12.013 17 1 14.305 14.303 201 
12.425 12.462 12.420 142 14.753 14.760 14.753 172 
12.628 12.635 12.627 18 1 14.913 14.917 14.914 21 1 
13.241 13.248 13.240 19 1 
13.740 13.759 13.738 162 
13.855 13.851 201 
1 . 393 14.414 14.392 172 1 
15.044 15.073 15.068 1 22 1 
1 
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resolution. The increment step for the size parameter is 6.28134. Table Il shows the values of 
the size parameter x for which the local maxima occur for both forward and backward 
scattering cases and the corresponding size parameter of oscillation. It also clearly indicates 
that the real parts of the modes of free oscillations lie very close to the observed Mie local 
maxima, suggesting their responsibility for the numerous fluctuations observed in the 
scattering of ice particles. A graphical display over the size range x=5 to x=8 may be also seen 
in figure 14, where both back (dashed line) and forward (continuous line) scattering efficiency 
factors along with the relevant TE and TM modes of free oscillations have been plotted. (The 
forward scattering efficiency factors have been exaggerated by 5 times for the sake of better 
observation. ) Further graphical illustrations over the size parameter range x=8 to x=10 have 
been given by Papatsoris and Watson [1992a]. 
3.5 Conclusions. 
A periodic external field incident upon a sphere gives rise to a forced oscillation of free and 
bound charges, synchronous with the applied field. This leads to the excitation of a secondary 
field both inside and outside the sphere, which has to be vectorially added to the primary field 
in order to determine the total resultant field. The continuity of the tangential components of 
the fields at the separation surface lead to a transient term constructed from the natural modes 
of oscillation with suitable amplitudes. If the frequency of the applied field lies very close to 
an eigenfrequency or mode of free oscillation of the material body of the sphere, resonance 
phenomena will occur. Whether these oscillations will be damped or increased, depends on 
the index of refraction of the material and the scattering direction. Here we must note that 
even for a dielectric sphere the eigenfrequencies are always complex, whereas the frequency 
of the applied field is real, so the case of infinite amplitudes can be safely avoided. For ice, 
which is almost a pure dielectric the excited oscillations are not significantly damped, giving 
rise to numerous fluctuations. Such oscillations therefore are responsible for the numerous 
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peaks observed when ice scattering cross sections versus size parameter are plotted. 
Finally we conclude this chapter by saying that the same physical mechanism could be easily 
extended to explain the presence of similar resonance phenomena in the scattering of dielectric 
bodies of other shapes, ic. cylinders or ellipsoids. 
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CHAPTER 4 
EXTINCTION AND BACKSCATTERING PROPERTIES OF CLOUDS AT 
MILLIMETRE WAVELENGTHS. 
4.1 Introduction. 
Suspended ensembles of water and ice particulates affect the propagation of millimetre waves 
in the earth's atmosphere. As a consequence, the characteristics of a transmitted signal suffer 
a degradation which may be thought as favourable or unfavourable according to the 
application context within it is considered. For example, the presence of clouds between a 
satellite transmitter and a ground based receiver would result in loss of power and distortion 
of the characteristics of the originally transmitted signal. In this case, the effect. of clouds is 
clearly undesirable. On the other hand, meteorologists and atmospheric physicists may use 
favourably the degradation that the back scattered signal suffers. The back scattered signal can 
be monitored by ground or space based instruments and then analyzed to provide information 
about the spatial structure and other characteristics of the illuminated sample. 
So, the scattering properties of clouds at millimetre wavelengths am subjects of significant 
importance to the systems designer of earth-satellite links, the meteorologist, the atmospheric 
physicist and lately to all those environmentally conscious. In this chapter, we will assess the 
impact of non-precipitable clouds on millimetre wave propagation. In doing so, a description 
of the spatial structure and the physical properties of various cloud types is needed. 
4.2 Spatial structure of clouds. 
4.2.1 Cloud requencies. 
Frequencies of total cloud cover, lower-level clouds and clouds of vertical extent over 
continents and oceans can be found in climatic handbooks and atlases [Valley 1965, Visher 
1966, Agafonova 1970, Dubrovina 19751. Most of the compiled data though, were obtained 
from observations on the ground, so information about the frequencies of clouds in the middle 
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and upper levels are practically non-existent. Only by incorporating the results from aircraft 
sounding it is possible to estimate the frequencies of clouds in the middle and the upper levels 
[Zak 1962, Dubrovina 19751. For large regions the total cloud cover and the amount of any 
cloud present can be estimated with the aid of satellite measurements [Dubrovina 1975]. 
The cloud frequency is closely related to the general circulation of the atmosphere, the nature 
of the underlying surface and the isolation. In addition, the cloud frequency is affected by site 
elevation, orography and other factors. The global distribution of the cloud frequency can be 
divided into four climatic zones: a polar zone from 70* to 901 latitude; a temperate zone from 
300 to 700; a tropical zone from 101 to 30" , and an equatorial zone from 00 to--10' latitude. 
Fig. 1. Latitude dependence of cloud frequency along the 20" W meridian for month January 
(after Lobanova [1968]). 
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These zones are clearly distinguishable in figure 1, where the latitude dependence of cloud 
frequencies along the 201 W meridian for the month January is illustrated. 'Me solid line in 
figure I gives the frequency of overcast skies (cloud cover 8-10). The dashed line gives the 
total frequency of overcast and partly cloudy skies (cloud cover 3-7). The region above the 
dashed curve characterizes frequency of clear skies (cloud cover 0-2). 
Cloud frequency is also dependent upon season. In summer there is a northward shift in the 
zone boundaries, because the circulation conditions vary and the underlying surface becomes 
70 jo io 10 
4.3 
moistened. In the polar zone there is a sharp increase in both the total cloudiness and the low- 
lying cloudiness. The southern part of the temperate zone moves downward under the 
influence of subtropical anticyclones and accordingly the amount of cloud cover is sharply 
reduced. The intertropical convergence zone shifts northward, increasing the area of the 
equatorial zone. Consequently, in summer in the northern hemisphere three large zones are 
discernible in the distribution of the cloudiness frequency: a polar zone combined with a 
temperate zone, a tropical zone and an equatorial zone. 
Furthermore, tendency can be detected in the relative variation of the frequencies of certain 
cloud families. As we approach the equator the relative frequency of cumuliforrn to stratiforin 
clouds increases (see figure 2). 
Fig. 2. Ratio of frequency of cumuliform (n) to stratiform (n) cloudiness along the 20' W 
meridian for month January (after Lobanova [1968]). 
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4.2.2 Stratifon-n clouds. 
Stratiform clouds are defined as clouds whose horizontal extent is orders of magnitude greater 
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than their vertical extent. These include: stratus (St), stratocumulus (Sc), nimbostratus (Ns), 
altocumulus (Ac), altostratus (As) and cirrostratus (Cs), as well as Ns-As, As-Cs and Ns-As-Cs 
frontal cloud systems. 
Stratifonn clouds can stretch over huge areas. Satellite photographs of clouds have revealed 
that fields of solid cloud cover can in the northern hemisphere encompass areas as great as 
about 50 million km2 (Dubrovina 1975]. The mean area of solid cloud cover fluctuates from 
5 to 15 million km2. The mean and also the maximum areas of the cloudless space in these 
same regions are about twice as large. In extra tropical latitudes the cyclonic activity and the 
frontal cloud systems associated with it, are one of the main factors influencing the frequency 
of stratiform clouds and their horizontal extent. Satellite photographs [Gottwald 1976] show 
that the width of a frontal zone in central Europe can be as great as 1000 km and the length 
7000 krn. 
4.2.2.1 Height distribution of stratiform clouds. 
Table I shows the predominant heights of the lower, middle and upper cloud levels for the 
various geographical zones. 
Table 1. Heights of stratiform cloud levels (from Feigelson [1984]). 
Zone 
Level 
Polar Temperate Tropical 
Lower <2 <2 <3 
Middle 2 ... 4 2 ... 7 3... 8 
Upper 3 ... 8 5 ... 13 7 ... 18 
'nic, height of the lower boundary of stratiform clouds in summer is generally greater than in 
winter [Khrgian 1977]. However, in some regions, such as the maritime territory the lower 
boundary becomes lower in summer because of the arrival of moist air from the sea. The 
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height of the lower boundary of stratiform clouds is also dependent upon latitude. On the 
average the cloud base of stratiform clouds increases from north to south [Borovikov 19631. 
Meridional and diurnal variations in clouds base related to the conditions of the atmospheric 
circulation are also expected. 
4.2.3 Clouds of vertical extent. 
Clouds with considerable vertical extent include convective clouds of various depths: cumulus 
of various types (ie. Cu-hum, Cu-med, Cu-cong) and cumulonimbus (Cb). 'Me depth of these 
clouds decreases in winter and increases in summer. ney also become 1-2 kra deeper upon 
transition from temperate to tropical latitudes. Typical cloud depths for cumuliform clouds at 
middle latitudes are given in table Il. 
Table 11. Typical depths of cumuliform clouds (from Feigelson [1984]). 
Cloud type Depth [km] 
Cu-hum. I 
Cu-med. I ... 2 
Cu-cong. 2 ... 3.5 
Cb 3 ... 4 (or more) 
4.3 Physical characteristics of clouds. 
4.3.1 Temperature and phase. 
Cloud temperatures usually differ from the temperature of the surrounding air by some tenths 
of a degree. Only in the case of dense cumuli can this difference be more than a degree. On 
the whole, convective clouds tend to heat up the surrounding atmosphere somewhat. Within 
the cloud mass itself, the temperature fluctuations may be considerable, up to 3" C. On the 
average, these clouds stay a little cooler than the ambient air [Dubrovina 1968]. Inside the 
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clouds the temperature gradients are typically close to moist-adiabatic. 
Many physical characteristics of clouds, in particular the cloud phase make-up and water 
content are temperature dependent. This dependence is the dominant factor in determining the 
seasonal and latitudal variation of the physical parameters of clouds. Consequently, once we 
know the mean atmospheric temperatures, we can deduce information about the characteristics 
of certain cloud types. Mean temperatures as a function of latitude for the northern hemisphere 
are given by Baravov [1960]. At temperatures greater than 0" C--clouds can naturally be 
assumed to be droplet clouds. At negative temperatures may be droplet, crystal or mixed phase 
clouds. The proportion of drops and crystals in a mixed cloud generally varies in time and 
from place to place. Individual parts of the cloud may consist wholly of droplets or only of 
crystals, while droplets and crystals coexist in other regions. However, experimental data on 
the proportions of droplets and crystals in various cloud types are practically non-existent. The 
Fig. 3. The distribution of freezing temperatures of water drops of Imm diameter containing 
foreign particles (after Mason [1971]). 
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Fig. 4. The freezing temperatures of water samples as a function of their equivalent drop 
diameter (from Mason [1971]). 
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only definite thing is that the relative proportion of crystals increases as the temperature 
decreases. Mason [1971], has studied in detail the effect of temperature on the freezing of 
cloud droplets. The behaviour of the freezing temperature of droplets in clouds may be seen 
in figure 3, where the distribution of freezing temperatures of 1127 drops of Imm diameter 
is depicted. Temperature is the main factor in determining the probability that supercooled 
droplets are present in a cloud. 
The next most important factor is the size of the droplet. Figure 4 illustrates the median 
freezing temperatures of water droplets as a function of their equivalent drop diameter, as 
reported by different experimenters, [Mason 1971]. The smaller the droplets the more likely 
it is that unfrozen droplets will be present in the cloud at a given temperature. Finally, 
important roles also plays the seeding of lower-lying layers with crystals falling from higher 
layers at a lower temperature, as well as by the secondary multiplication of crystals. 
Frequencies of occurrence of pure water, pure ice and mixed phase clouds have been reported 
4.8 
Fig. S. Frequencies of phases in clouds of various types at a negative temperature (after 
Borovikov and Mazin [19751). 
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by Borovikov [1975]. Collecting data from regular aircraft sounding carried out over several 
years in the Soviet Union, he analyzed more than 41500 middle latitude clouds in all. The 
results are illustrated in figure 5. In these latitudes high-level clouds are almost always crystal 
clouds. 
Table III, gives the mean frequencies of the various phases at various temperatures for clouds 
of all fonns. These data are practically independent of the season of the year. The dependence 
of the phase on the cloud form is actually determined by the temperature regime of the clouds. 
Table M. Frequencies of different phases of clouds as function of temperature over the Soviet 
Union. (after Feigelson [1984]. ) 
Temperature (from - to), 'C 
Phase of cloud 
0 4 -8 -12 -16 
1 
-20 -24 -28 -32 -36 40 44 
-2 -6 -10 -14 -18 -22 -26 -30 -34 -38 42 46 
roplet 84 69 54 37 23 17 10 6 3 2 1 0 
Mixed 14 26 35 42 40 35 31 25 17 11 7 6 
Crystal 21 51 11 1 21 1 37 48 1 59 69 1 80 1 87 1 92 94 
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4.3.2 Cloud water content. 
The water content of a cloud is defined as the m ass of water in the condensed state per unit 
cloud volume and is usually measured in g/M3. 
4.3.2.1 Water content of stratiform clouds. 
Generally, for all types of stratifonn clouds at middle latitudes the average water content as 
a function of temperature is given by the empirical relation [Borovikov and Mazin 1975]: 
Wav = (a0e(cloo) m wo+E , 
where the parameters 4 and e are temperature dependent. This temperature dependence is 
depicted in figure 6. The parameter cLb is also dependent on cloud type. Figure 7 gives the 
temperature dependence of coo for stratiforin clouds of various types. The lowest values of co, 
correspond to Ac and As clouds and the highest to Ns clouds. The depths of stratiforin clouds 
of types St and Sc do not exceed 500-600 m, and the mean water content increases with 
height right up to the cloud summit. For deeper clouds, beginning at a height of 600-700 in, 
Fig. 6. Temperature dependence of water Fig. 7. Temperature dependence of coo for 
content for stratiform, clouds (after Borovikov various types of stratifonn clouds (after 
and Mazin [1975]). Borovikov and Mazin [19751). 
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the mean water content gradually decreases. This is illustrated in figure 8. For Ns and Ns-As 
clouds, the mean water content of the droplet fraction of the clouds at first increases with 
height but then beginning at 200-300 m remains practically unchanged. In As clouds, the 
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Fig. 8. Average variation of water content with height in Stratiform clouds for different 
temperatures; 1) -100 to -50C, 2)-50 to +50C, 3) +50 to +100C (after Fcigclson [1984]). 
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height variation of the droplet part of the water content is the same as in Ns, that is 
independent of height. 
4.3.2.2 Water content of cumuliform clouds. 
In vertically extensive clouds, the mean water content over the cloud section increases with 
the distance from the cloud base, reaching the highest value in the upper part of the cloud, 
usually at a height of about 80% of the total depth of the cloud. Figure 9 shows a typical 
water content distribution for a cloud 2 km deep, the variation of the adiabatic water content 
being plotted as well. The vertical variation of the water content with increasing height may 
be well described by the expression [Mazin 1983]: 
ca (h) = ca .(h)m 
(H-hý n 
ho) ýT-ho 
where lio, is the relative altitude at which the maximum value of water content occurs 
(co(hO)=co,, J, H is the depth of cloud and m, n suitably specified constants depending upon 
season and geographical location. Generally, the mean water content is expected to vary 
considerably with geographical location. For example cumulus clouds may have a typical 
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mean water content from 0.5 to 1.0 g/M3 at New England, whereas at Florida they may reach 
values as high as 4 g/M3 [Falcone et al 1979]. 
Fig. 9. Typical distribution of the average water content in a typical cumulifon-n cloud (from 
Feigelson [19841). 
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4.3.3 Concentrations and size distributions of water droplets in clouds. 
The radii of most cloud droplets range from a few micrometers to some tens of micrometers. 
The concentration varies from tens to thousands per cubic centimetre. The concentration of 
large drops (radii greater than 100 pm) is usually 0.1 to 10 per litre. In the presence of 
precipitation the rain droplet concentration (radii greater than 100-200 pm) may reach 10 to 
100 per litre. 
The concentration and size of cloud droplets can vary greatly but if we consider averages over 
large volumes of cloud and over many cases, then definite regularities appear. Generally, the 
size spectra of water droplets in a cloud of any type have the form shown in figure 10. 
The portion of the spectrum with radii less than r. i,, are very small water coated condensation 
nuclei which take the form of tiny droplets about 1 pm or less in radius and are in equilibrium 
with the cloud material. This portion of the cloud spectrum ranging from r--O. I pm to rin can 
be well approximated by an exponential relation [Aleksandrov and Yudin 19791: 
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n, (r) A 
ro) v (r 
where usually ro=lpm and A is a suitably specified constant depending upon cloud type and 
relative position within the cloud. 
Fig. 10. Typical density of droplet size distribution (from Feigelson [1984]). 
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The middle portion of the spectrum is usually a unimodal curve which can be approximated 
by a lognormal or gamma distribution. For simplicity of analysis and convenience of 
processing, a gamma distribution is more often used. This distribution has the form: 
No -r 
n, (r) -- r' e rO M+l r(m+l)ro 
where No, m, ro depend on the cloud type, the averaging scale and other factors. The mode 
radius r,,, d is related to the 
distribution parameters by the relation: 
rmod =Mr. . 
Pmin -rmod 1g3,2? 
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and the mean radius r, by the relation: 
r, = r,,. 
In stratiform clouds the size of droplets increase with increasing height h above the lower 
boundary of the cloud in proportion to h", on the average. In convective clouds, the variation 
of droplet sizes with height is not so definite. Although on the whole the sizes of these 
droplets also increase with height, mixing with dry ambient air especially in the lower half of 
the cloud, may cause a great number of tiny droplets to appear, leading to a number of cases 
in a bimodal distribution [Warner 1969]. 
The onset of precipitation may also appreciably change the size distribution of the cloud 
droplets and the height variation of the distribution parameters. Kbgrian and Mazin [1952], 
studied a large number of cloud samples and proposed a universal value of m=2 to describe 
the size spectra of all cloud types that bear drops in the radius range between 2-3 to 20-30 pm. 
In the range of droplet sizes from j--50-100 pm to some maximum value r..,,, which in non- 
precipitating clouds may range from 100 to 1000 pm, the droplet distribution is described by 
an exponential relation [Mazin 1983]: 
nL(r) _ 
NL (1-P) (A)P, 
Ar 
where A, P depend on the cloud type and NL is a normalization constant such that 
r.. 
f nL(r)& ýN max 31 
ra, 
where N..,, is the concentration of the large drops. 
Borovikov and Mazin [1975] analyzed collected data on the microstructure of droplet clouds 
to obtain a diagram, which characterizes the possible droplet concentration in a cloud. Ibis 
can be seen in figure 11. In an overwhelming majority of cases real cloud-droplet 
concentrations do not lie outside the shaded region and are practically never beyond the upper 
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curve. If precipitation falls from the clouds then the concentration of the large drops usually 
Fig. 11. Generalized diagram of possible distribution of cloud droplets (from Mazin [1983]). 
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lies in the unshadowed region between the curves. Precipitable clouds have also liquid water 
contents about an order of magnitude greater than non-precipitable clouds. Typically, the lwc 
of non-precipi table clouds has values between 0.1 to 1.0 g/M3' whereas precipitable clouds 
usually have lwc much greater than 1 g/M3 (Blau and Fouler [1972)). 
Summarizing, the following general model represents the size spectrum of any water cloud: 
A(-roý , for O. lpm<r<r.,,. 
MMO 
n(r) r(m+i)ron+l 
rm e ro , for 
NL(l - 0) for r,,,, -<nýr. Ar 
(I 
I 
0, for r>r. 
Cloud droplet size distributions are given in many original research papers. Here, the most 
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representative collection of typical middle latitude cloud models has been compiled. Table IV 
summarizes Silverman and Sprague's [1970] fog and cloud drop size distributions. 
Table IV. Silverman's cloud models: Distribution parameters and liquid water content (as later 
adapted by AFGQ. 
n(r) =a r' exp[-br] 
Cloud Type Model 
Number 
M b No 
[cm'] 
a=C, b'*' 
rl(m+l) 
M 
[g/M3] 
Heavy fog 1 1 3 0.3 20 0.027 0.37 
Heavy fog 11 2 3 0.375 20 0.06592 0.19 
Moderate fog 1 3 6 1.5 100 2.37305 0.06 
Moderate fog 11 4 6 3.0 200 607.5 0.02 
cumulus 5 3 0.5 250 2.604 1.00 
Altostratus 6 5 1.11 400 6.268 0.41 
Su-atocumulus 7 5 0.8 200 0.4369 0.55 
Nimbostratus 8 1 0.333 100 11.089 0.61 
Stratus 9 3 0.667 250 8.247 0.42 
Stratus 10 2 0.6 250 27.00 0.29 
Stratus- 
Stratocumulus 
11 2 0.75 250 52.734 0.15 
Stratocumulus 12 2 0.5 150 9.375 0.30 
Nimbostratus 13 2 0.425 200 7.676 0.65 
cumulus- 
Cumulus Congestus I 
14 2 
I 
0.328 
I 
80 
1 
1.4115 0.57 
11 
All included models am described by a gamma distribution of the form nm(r)=arme. No is the 
concentration of cloud droplets in Cm-3 and M the amount of water per unit volume in g/M3. 
it is interesting to note that the liquid water contents (mesoscale parameter " of fog and 
clouds are the same order of magnitude, whereas the concentrations (microscale parameter NO) 
differ by an order of magnitude. So, fogs and clouds are distinguishable on the microscale 
level. Typical cloud heights of occurrence and thicknesses for the cloud models of Silverman 
can be seen in table V. 
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Table V. Cloud tops and bases of Silverman's cloud models. 
Silverman's cloud 
model number 
Base [m] Top [m] Depth [m] 
1 0 150 150 
2 0 150 150 
3 0 75 75 
4 0 75 75 
5 660 2700 2040 
6 2400 2900 500 
7 660 1320 660 
8 160 1000 840 
9 160 660 500 
10 330 1000 770 
11 660 2000 1340 
12 660 2000 1340 
13 160 660 500 
14 660 3400 2740 
Again, we must note that the range of values of thickness may be large for these models. For 
example, advective fog can be from 30 to 300 meters thick depending on the meteorological 
conditions and geographic location. 
Other sources for cloud droplet size distributions may be found in the literature. Mason [1971], 
Fletcher [19621, Borovikov [1973], Carrier [1967], Mazin [19831 and Feigelson [1984] give 
also drop size distributions for various cloud types. Table VI summarizes Carrier's et al [ 19671 
observations wNch am in disagreement with the data quoted by Silverman in table IV. 1bus, 
it may be seen how difficult it is to model clouds with representative drop size spectra and 
liquid water content. 
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Table VI. Carrier et al's water cloud models: Distribution parameters and liquid water content. 
Cloud type Model 
No 
No 
[CM-3j 
m 
I 
Ax=Ar/r.,,, b a M 
g/M3 
Stratus 1 1 464 8 0.85714 2.286 19.61 0.16 
Altostratus 2 450 5 1.0 1.33 4.6 0.40 
Stratocumulus 3 350 3.5 1.257 1.0 30.09 0.24 
Nimbostratus 4 330 1.0 2.7 0.28 26.7 1.4 
Fairweather C, 5 300 8 0.85714 2.286 12.68 0.1 
Stratus 11 6 260 3.5 1.2667 0.777 7.182 0.37 
umulus Congestus m 7 207 1.5 1.914 0.428 18.71 0.43 
C umulon 
t 
imbus 8 72 3 1.4 0.6 1.555 0.16 
Finally, tables VII and VIII summarize Ajvazyan's [1991] compilation of drop size 
distributions of small and large drops in various cloud types, originally quoted by Feigelson 
[1981], Mazin [1983] and Pruppacher and Klett [19781. 
Table VH. Ajvazyan's small drop size distributions of water clouds. 
No Cloud type rmb, [pm] r,,, [pm] b m No [CM*3 M[m31 
1 Sc 1.0 20.0 0.639 2 188 0.2140 
2 St 1.0 20.0 0.667 12 
248 0.2085 
3 Ns 1.0 20.0 0.462 2 117 0.2682 
4 Ac 1.0 20.0 0.639 2 155 0.1477 
5 As 1.0 20.0 0.545 2 116 0.1724 
6 medi 1.0 20.0 0.667 2 472 0.3968 
7 maxi 1.0 20.0 0.300 2 1000 5.1590 
8 Cu hum 1.0 20.0 1.000 2 1987 0.4990 
9 Cu. med 1.0 20.0 0.750 2 1677 0.9953 
10 Cu, cong 1.0 20.0 0.500 2 925 1.7350 
11 (max) 1.0 35.0 0.600 6 247 2.4040 
12 (min) 1.0 35.0 0.600 6 247 2.4040 
13 Cb (max) 1.0 45.0 0.286 5 55 2.9650 
L_L4_ Cb (min) 
_ -L. 
0 L .0 45.07 0.286 5 
55 2.9650 
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Table VHL Ajvazyan's super-large drops distribution parameters in various clouds. 
No 
Cloud 
type 
rcut 
Ipm] 
rmx 
Ipm] 
NL 
IM-11 
LWC 
[g/M3] 
A 
1 Sc 85 500 6.3 2000 1.165E-2 85 
2 St 85 400 7.6 1000 4.698E-3 85 
5 Ns 85 1000 5.0 1000 9.415E-3 85 
6 medi 85 500 1 
6.3 2000 1.165E-2 85 
7 maxi 85 1000 5.0 1000 9.415E-3 85 
8 Cu-hum 85 300 10.0 20 7.713E-5 85 
9 Cu-med 85 600 4.0 100 1.512E-3 85 
10 Cu-cong 85 1000 5.0 400 3.766E-3 85 
11 (max) 200 1200 2.7 1000 4.265E-1 85 
12 (min) 200 1100 2.3 100 4.929E-2 85 
13 Cb (max) 100 700 3.0 20000 1.026E+O 85 
14 Cb (min) 100 400 3.0 3000 
1 
8.042E-2 85 
4.3.4 Crystals in clouds. 
In contrast to the case of water droplets, when considering crystals in clouds it is important 
to know their shape and orientation as weR as their size and nwnber. 
4.3.4.1 Crystal shapes and sizes. 
Ice particles in clouds can be divided into three groups according to their shape: rounded, 
laminar and acicular. The first group includes particles whose dimensions are about the same 
in any direction. The second and third groups include particles which are appreciably smaller 
in one direction than in a perpendicular direction. Ice crystals have extremely diverse shapes, 
but as a rule they all posses a definite hexagonal symmetry which manifests itself as a variety 
of hexagonal prisms, hexagonal plates, and six-ended dendrites. Rounded crystals may contain 
various air inclusions. 
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Fig. 12. Relation of shape of ice crystals to conditions of crystal growth (after Magono and 
Lee (19661). 
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The shape of the cloud crystals depends on the temperature and humidity. Since when crystals 
originate in clouds, the humidity is close to the saturation value over water, the shape of a 
crystal being formed may -as a first approximation- be related to the temperature. Figure 12 
juxtaposes the shapes of ice crystals with the conditions under which they are formed. As we 
see from figure 12 high level clouds, where the tempemture is below -18T, the crystals can 
be expected to take the form of columns, prisms, thick plates and bundles of often hollow 
crystals. In the -15 to -3"C region, crystals usually take the form of dendritic starlets or thin 
plates. At -10 to -2*C solid columns and thick plates reappear, while around -51'C the crystals 
have the form of needles. 
Weickman [1947] also reports on the variety of shapes and sizes found in clouds. High 
altitude isolated cin-us clouds, which are usually associated with temperatures below -30 C, 
are composed of six-sided columns 
(prisms), typically 0.5 mm long, and containing 
pronounced funnel shaped cavities as shown 
in figure 13a and 13b. In cirrostratus, where the 
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Fig. 13. (b) Individual hollow prismatic ice columns and (a) clusters collected from cirrus 
clouds at -40 C. (c) Solid prismatic columns from cirrostratus at -26 C. (d) Thin hexagonal 
ice plates. (photographs by II. K. Wcickman. ) 
4 
-a 
ask 
air is only slightly su pe r'satu rated relative to ice, the prisms are short and solid as shown in 
figure 13c. The medium a] litude clouds, occurring at temperatures - 15 and -30 C, contain both 
prisms and thin six sided plates, as shown in figure l3d, with the prisms dominant at the lower 
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tempcratures. The greatest variety of crystal shapes is to be found in the lower altitude 
supercooled clouds, at temperatures between 0 and -15 C. Here we find hexagonal plates, 
perhaps 0.5 mrn across and only 10-20 pm thick, short prisms, long thin needles (see figure 
14a), and most striking of all, the beautiful star-shaped crystals, whose six arms often develop 
side branches to produce the fern-like patterns of figure 14b. Other common crystal shapes 
such as dcndritic stellar crystals, are depicted in figures 14c and l4d. 
Fig. 14. (a) A sector plate crystal. (b) A dendritic stellar snow crystal. (c) and (d) Dendritic 
stellar crystals. (frorn Mason 119751). 
a b 
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Table IX below, summarizes Weickman's observations of predominant crystal forms in 
different cloud types. 
Table IX. Weickman's observations of predominant crystal forins in clouds. 
Level of Temperature Cloud types Crystal forms Crystal sizes 
observation range 
Lower 0' to -15' C Nimbostratus Thin hexagonal 50 pm to 0.5 
troposphere Stratocumulus plates mm diameter 
Stratus Star-shaped 10 to 20 pm 
crystals showing thick 
dendritic structure 
Middle -150 to -300 C Altostratus Thick hexagonal 200 prn 
troposphere Altocumulus plates diameter 
Prismatic 
columns, 
single prisms and 
twins 
Upper < -300 C Isolated Clusters of -I mm 
tropospheru Cirrus prismatic columns diameter 
containing funnel- 
shaped cavities 
Single hollow - 0.5 mm long 
prisms 
Cirrostratus Single complete - 100 prn long, 
prisms length to 
diameter = 1-5 
4.3.4.2 Crystal mass and concentrations. 
The 'ice content' (iwc), that is the mass of ice in the clouds, ranges from 0.001 g/M3 in high 
altitude clouds (except Ci) to 0.1 g/M3 in St and Ns. The concentration ranges from some units 
of tens per litre in high level clouds, to tens or hundreds per litre in Ns, As systems. 
The density of the ice in the crystals can vary considerably depending on size and shape. 
Generally, we may say that as ice crystals increase in size from a few tens of microns to 
millimetres, the relative proportion of air inclusion increases and the density decreases from 
0.9 to 0.5 g/m' [Feigelson 1984]. An excellent survey of the ice densities corresponding to 
crystals of various shapes and sizes has been given by Pruppacher and Klett [19781. 
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4.3.4.3 Cirria clouds. 
In Ci clouds the ice content varies from 0.01 to 0.4 g/m' depending upon season and 
geographical location. Thin cirrus usually bear ice contents between 0.01 and 0.05 g/m'. In 
thick cirrus however, the ice content is typically greater than 0.1 g/m' and may reach up to 
0.40 g/m', while the concentration of ice crystals ranges from 10 to 50 particles per litrc 
I Pruppacher and Klett 1978 1. 
Data for cirrus clouds appears to be somewhat sparse, compared to that available for other 
clouds, presumably owing to the difficulties in collection and lesser importance attached to 
these clouds in the past. However, recently the U. K. Meteorological Office collected and 
analyzed a series of airborne measurements from cirrus clouds (FIRE/ICE studies). The results 
Fig. 15. Ice crystal spectra from the U. K. Met. Office FIREACE studies. 
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are summarized in figure 15. These data have been fitted with exponential distributions of the 
form N(D)=Noe-D")* from which nine particle size distributions have been chosen as the most 
representative (see table X). 
Table X. Ice particle size distribution parameters for Ci clouds, as deduced from the FIRE/ICE 
data. 
Temperature 
loci 
NO[M-3 PM-1j D* [pm] Ice Water 
Content [g/m'] 
Model 
No 
310 130 0.255 1 
-10 to -20 200 160 0.377 2 
65 160 0.123 3 
-20 to -30 
160 130 0.1316 4 
25 200 0.1152 5 
1300 52 0.0274 6 
-30 to 40 200 100 0.05 7 
40 120 0.024 8 
-40 to -50 IL- 2100 
II 
50 0.0378 9 
Moreover, using the data for the ice content and concentrations quoted by Pruppacher and 
Klett [1978], several monodispersive cirrus cloud models can be generated bearing various 
Table XI. Monodispersive cloud models (after Papatsoris and Watson [ 1991 
Model cloud 
number 
lWC fg/ml] Concentration 
[it-, ] 
Equivolumetric sphere 
radius [pm] 
1 10 157.5 
2 0.150 30 109.2 
3 50 92.1 
4 10 192.7 
5 0.275 30 133.6 
6 50 112.7 
7 10 218.4 
8 0.400 30 151.4 
9 50 127.7 
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combinations between the suggested concentration of crystals and ice content of the cloud 
[Papatsoris and Watson 1990]. The characteristics of each generated model can be seen in 
table XI, where the correspondent equivolumetric sphere radius is also given. Ice density has 
been assumed 0.917 g/m'. 
4.4 Modelling radio wave propagation in clouds at millimetre wavelengths. 
So far, we have discussed the spatial structure and the physical characteristics of clouds. What 
we need next, is a proper electromagnetic theory to calculate the absorption and scattering 
cross sections of water droplets and ice crystals. Me theory provides an excellent approach 
to modelling the extinction and back scattering of water droplets of any size in water clouds. 
When the condition mx<<I, is satisfied (m is the index of refraction and x is the size 
parameter), the Rayleigh approximation becomes valid and the calculations greatly simplify. 
Both attenuation and equivalent reflectivity are then proportional to the total mass content of 
the cloud. In order to assess the applicability range of the Rayleigh approximation, the product 
nix has been calculated for water at various wavelengths, assuming x--35pm (see table XII). 
Table XII. Assessment of the applicability of the Rayleigh approximation for water clouds. 
f [GHZI 30 60 100 iso 300 
X [rnnil 10 5 3 2 1 
ni (10'C) 5.73 4.24 3.44 2.98 2.61 
Lnix, 
r--35pm 0.13 0.19 0.25 0.33 0.57 
Since the maximum radius of the small portion of drops is for the overwhelming majority of 
clouds less than 35 pm, we can safely say that the Rayleigh approximation is applicable when 
large drops are not considered. For droplets with radii greater than 40pm, the Rayleigh 
approximation breaks down. One, must then use the exact Mie solution to calculate the 
absorption and scattering cross sections of water 
drops. 
For ice rn is 1.78 over the entire millimetre wave spectrum, and the Rayleigh approximation 
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breaks down for cquivolumctric ice spheres with radii greater than 60pm. However, the sizes 
of the equivolumetric spheres in ice clouds exceed well the 60pra limit. Consequently, for ice 
the exact Mic solution must be used for the calculation of the extinction and back scattering 
cross sections of equivolumetric spheres. 
4.4.1 Multiple scattering in clouds at millimetre wavelengths. 
For the calculation of the extinction and back scattering properties of clouds, multiple 
scattering effects have been neglected. It is likely though that multiple scattering effects may 
occur in clouds. The problem of finding the intensity of the millimetre wave radiation inside 
and outside the cloud rcquir-cs considerable effort and involves complex mathematical 
formulations. However, a much simpler qualitative method often proves useful in determining 
the significance of multiple scattering. The occurrence of multiple scattering is dependent on 
two conditions both being fulfilled: 
(i) the scattering coefficient should be high compared to the absorption coefficient, 
(ii) the medium under consideration should be sufficiently dense. 
Ishimani (private communication) and Guissard [1980], observe that if the scattering albedo 
. 
J(C,. +C, b, ) is close to unity then multiple scattering can be significant. If co. <0.5 then coý=C'r 
multiple scattering is probably negligible. 
4.4.1.1 Water clouds. 
Water clouds are generally considered dense media as the concentration of droplets in such 
clouds typically range from 100 to 1000 per CM3 . However, the scattering albedo of water 
droplets in the size range 0.1 to 100 pm is much smaller than unity (see figure 16). Even at 
300 GHz the scattering albedo is co. =0.05 for a droplet 50 pm in radius. Multiple scattering 
should thus not be significant in water clouds. 
4.27 
Fig. 16. Scattering albedo for spherical water droplets at various frequencies for a size range 
0.1 to 100 Pm. 
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Figure 17 shows the scattering albedo co. for ice spheres in the size range 0.1 to 100 pm at 
Yarious frequencies. Since ice is primarily a scattering medium, the albedo is expected to 
exceed the 0.5 margin. In table XIII the critical radii above which the albedo becomes greater 
than 0.5 for the above selected frequencies are tabulated. For ice forms of stratiform clouds 
Table XM. Critical radii above which the scattering albedo becomes greater than O. S. 
frequency [GHz] 60 100 150 300 
critical radius [pM] 
co, ý=O. S 
70 37 22 9.5 
without significant growth, multiple scattering should not be significant for frequencies lower 
than 60 GHz. For frequencies greater than 100 GHz, the critical radius becomes small and the 
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importance of multiple scattering is expected to increase. On the other hand, the concentrations 
Fig. 17. Scattering albedo for spherical ice particles at various frequencies for a size range 0.1 
to 100 Pm. 
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hand, the concentrations observed in ice clouds, including cirrus clouds, are fairly small 
(typically less than I cm-3) and therefore do not give rise to multiple scattering effects. So, we 
can not give a clear answer about the significance and the extent of multiple scattering in ice 
clouds. Only rigorous quantitative approaches such that suggested by Takano and Liou [ 1989] 
should be able to answer this question definitely. 
4.5 Extinction and back scattering properties of clouds. 
In the following sections we have used Mie theory, to calculate the specific attenuation 
rxlsx 
f n(r)c,,, (mx)dr dBIhm 
r. d. 
and the back scattering function (or radar reflection coefficient or simply reflectivity) 
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r.., 
f 
n(r)ab(mx)dr hm 
r,,,, 
for die wide collection of cloud models given in the preceding sections. Here C,,,, and (3b are 
the extinction and back scattering cross sections, respectively. The contribution of large drops 
has been taken into account for the cloud models of Ajvazyan. For the remaining cloud 
models, that is the cloud models of Silverman and Carrier, the effects of large drops have been 
neglected. So it becomes possible to compare the results and assess the impact of large drops 
on the resultant attenuation and reflectivity. Calculations have also been done for the Cirrus 
models of the Met. Office and the generated monodispersive models. The temperature for 
water droplets has been assumed 0* C and for ice crystals -20" C, throughout. 
4.5.1 Fog. 
Fog clouds are distinguished from other clouds in their distance from the earth's surface. Fog 
clouds are generally classified according to the thermodynamic process that generates them. 
Advective fog is produced by the transport of moist air over a cooler surface resulting in the 
cooling of the surface layers below the dew points, with condensation taking place in the form 
of fog. Most sea fogs are advective. Both the size range of particles and the liquid water 
contents are large for this type of fog. Radiative fog is produced when stagnant moist air is 
in contact with ground that has become progressively cooler during the night due to radiating 
cooling. The cooling from below produces an temperature inversion in the layers next to the 
ground. This type of fog has both small size of particles and a small liquid water content. 
Calculations for the fog models of Silverman and Sprague are shown in figures 18 and 19. 
The attenuation resulting from the radiative fog is kept at low levels over the entire millimetre 
wave spectrum. In fact it never exceeds 0.1 dB/hrn even at 300 GHz. A similar behaviour 
follows the radar reflection coefficient which does not exceed 5xl 0-6 lim-1 at 300 GHz. 
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Fig. 18. Specific attenuation for Silverman's fog models 1,2,3, and 4. 
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Fig. 19. Radar reflection coefficient for Silverman's fog models 1,2,3 and 4. 
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On the contrary, the attenuation and reflectivity resulting from advective fog are very 
significant (ic. (x=O. l dB/hm, P=3xlO76 hm*' at 65 GHz) and compare well with those resulting 
from other non-precipitable clouds. Therefore, advective fog can not be distinguished from 
other non-precipitable clouds, unless the height of occurrence is known. 
4.5.2 Stratiform clouds. 
4.5.2.1 Stratus and Stratocumulus (StISc). 
Calculations for stratus clouds can be seen in figures 20 and 21. Here Silverman's cloud 
models 9,10 and 11, Carrier's 6 and 1 and Ajvazyan's cloud model 2 have been considered. 
Table XIV summarizes the variation of the specific attenuation and reflectivity resulting from 
stratus clouds over the millimetre wave spectrum. The last row of the table gives the radar 
reflection coefficients resulting from Ajvazyan's cloud models for which the contribution of 
super-large drops has been taken into account. 
Fig. 20. Specific attenuation for various stratus (St) models. 
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Fig. 21. Radar reflection coefficient for various stratus (St) clouds. 
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Table MV. Specific attenuation and radar reflection coefficient values for St clouds. 
f [GHzl 30 60 100 150 300 
min max min max min max min max min max 
cc [dB/hm] 0.01 0.03 0.03 0.1 0.07 022 0.12 0.33 021 0.60 
P [fun"] le-9 3c-8 2e-8 5e-6 le-7 3e 5e-7 I e, 5 6e-6 2e-4 
large drops 4e-7 6e-6 4e-5 le-4 le-3 
Table XV. Specific attenuation and radar reflection coefficient values for Sc clouds. 
f [GHzl 30 60 100 150 300 
min max min max min max min max min Tax 
a [dB/hm] 0.02 0.05 0.04 0.12 0.10 0.27 0.15 0.43 0.30 0.77 
P [hm"I le-8 5e-7 
1 
le-7 le-6 6e-7 4e-6 2e-6 le-5 U-5 2e-4 
large drops 2e-6 3e-5 2e-4 6e, 4 3e-3 
Results for stratocumulus clouds may be found in figures 22 and 23. The calculations refer 
to Silverman's cloud models 7 and 12, Carrier's 3 and Ajvazyan's cloud model 1. Table XIV 
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Fig. 22. Specific attenuation for various stratocumulus (Sc) cloud models. 
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Fig. 23. Radar reflection coefficient for various stratocumulus (Sc) cloud models. 
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gives the variation of the specific attenuation and radar reflection coefficient of Sc clouds 
along the millimetre wave spectrum. 
Generally, St and Sc clouds demonstrate the same extinction and backscattering properties. 
The presence of super-large drops does not affect the resultant attenuation but it certainly 
enhances the mdar reflection coefficient by approximately one order of magnitude. 
4.5.2.2 Altostratus and Nimbostratus (AsINs). 
Calculations for altostratus clouds may be seen in figures 24 and 25. Here, Silverman's cloud 
model 6, Carrier's 2 and Ajvazyan's cloud models 4 and 5 have been considered. Table XVI 
gives the variation of the specific attenuation and radar reflection coefficient of As clouds 
along the millimetre wave spectrum. 
Fig. 24. Speciflc attenuation for various altostratus (As) cloud models. 
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Fig. 25. Radar reflection coefficient for various altostratus (As) clouds. 
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Table XVI. Specific attenuation and radar reflection coefficient values for As clouds. 
f [GHz] 30 60 100 ISO 300 
min max min max min max min max min max 
cc [d]3/hm] 0.01 0.03 0.03 0.10 0.07 0.21 0.12 0.32 020 0.57 
P [hm*'] 6e-9 le-8 le-7 2e. 7 6e-7 le-6 3e-6 5e-6 3c-5 6e-5 
Results for nimbostratus clouds may be seen in figures 26 and 27. Silverman's cloud models 
8 and 13, Carrier's 4 and Ajvazyan's cloud model 3 have been considered. Table XVII gives 
the variation of the specific attenuation and radar reflection coefficient of As clouds along the 
Table XVE1- Specific attenuation and radar reflection coefficient values for Ns clouds. 
f [GHz1 30 60 100 150 300 
min max min max min max min max min max 
cc [d]3/hm]_ 0.02 0.10 0.06 023 0.14 0.47 020 0.70 0.40 1.30 
0 [hav'] 5e-8 le-7 6e-7 le-6 5e-6 le-5 2e-5 4e-5 2e-4 4e-4 
large drops 2e-5 2e-4 4e-4 8e-4 2e, 3 
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Fig. 26. Specific attenuation for various nimbostratus (Ns) cloud models. 
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Fig. 27. Radar reflection coefficient for various nimbostratus (Ns) clouds. 
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millimetre wave spectrum. Generally the resultant attenuation in Ns clouds is twice as much 
as in As and the radar reflection coefficient of Ns is one order of magnitude greater than the 
radar reflection coefficient of As, throughout the millimetre spectrum. Large drops enhance 
the reflection coefficient by somewhat less than two orders of magnitude for frequencies below 
100 GHz, and by approximately one order of magnitude for frequencies above 100 GHz. 
Attenuation is insensitive to the presence of super-large drops. 
4.5.3 Convective clouds. 
4.53.1 Cumulus (Cu, Cu-hum, Cu-med, Cu-cong). 
Results for cumulus clouds of various types may be seen in figures 28 and 29. Silverman's 
cloud models 5 and 14, Carrier's 7 and 5 and Ajvazyan's cloud models 10,9 and 8 have been 
considered. Table XVIII gives the variation of the specific attenuation and radar reflection 
Fig. 28. Specific attenuation for various cumulus (Cu) cloud models. 
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Fig. 29. Radar reflection coefficient for various (Cu) cumulus clouds. 
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coefficient of As clouds along the millimetre wave sPectrum. These clouds which are usually 
associated with high liquid water contents and large concentrations of super-large drops are 
heavily attenuating. Even at 100 GHz the attenuation resulting from a2 Ian deep Cu-cong 
cloud is 17 dB (maximum). Super-large drops do not affect attenuation, but the radar reflection 
coefficient is enhanced by about somewhat less than one order of magnitude. 
Table XVIH- Specific attenuation and radar reflection coefficient values for various Cu 
vlouds. 
f [GHZI 30 60 100 150 300 
min max min 
I 
max min max min 
I 
max min 
I 
max 
cc [dB/hm] 0.02 020 0.04 0.40 0.06 0.85 0.08 1.33 0.15 2.40 
[haf 2e-9 2e-7 le-8 2e-6 7e-8 2e-5 3e-7 7e-5 4e-6 9e-4 
large drops le-8 8e-5 le-7 7e-5 le-6 2c-4 4e-6 
- 
4e-4 
- 
-5 
1 
5e 
_IL3 
4.53.2 Cumulonimbus (Cb). 
Calculations for cumulonimbus clouds may be seen in figures 30 and 31. Here, Carrier's 
4.39 
cloud model 8 and Ajvazyan's cloud models 13 and 14 have been considered. Table XIX 
gives the variation of the specific attenuation and radar reflection coefficient of Cb clouds 
along the millimetre wave spectrum. Carrier's model has not been taken into account in the 
compilation of table XIX, as not being representative for this particular type of cloud. Cb 
clouds which are usually associated with severe thunderstorms bear high lwc, typically greater 
than 2 g/M3. Carrier quotes a lwc of 0.16 g/M3 for his Cb cloud model, which is far from what 
is commonly accepted. There is a possibility though that Carrier's model refers to a very early 
stage of the cloud development where from the low lwc originates. 
Table XIX. Specific attenuation and radar reflection coefflcient values for Cb clouds. 
f [GHZI 30 60 100 150 300 
min max min max min max min max min max 
cc [d]3/hml 0.25 0.45 0.70 1.40 1.60 3.10 2.50 4.50 4.65 7.25 
le-3 7e-2 7e-3 le-I le-2 le-I 3e-2 le-1 
Fig. 30. Specific attenuation for various cumulonimbus (Cb) clouds. 
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Fig. 31. Radar reflection coefficient for various cumulonimbus (Cb) clouds. 
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4.5.4 Cirrus (Ci). 
Since the sampling instruments used in the FIRE/ICE experiments to sample particle sizes in 
Ci clouds were not able to pick up the largest particles, it is difficult to know exactly where 
the exponential size distribution should be truncated. For Ci clouds with high ice content, the 
contribution of larger particles is significant both to attenuation and reflection coefficient. 
Figures 32 and 33 illustrate this, showing the resultant attenuation and reflection coefficient 
at various frequencies for the Ci cloud models I and 7 of table X, truncated at r--150,300 and 
1000 pm. For Ci clouds with low ice content, the effect of truncation is not so pronounced. 
Based upon Weickman's observations (see table IX), ice particles with equivolumetric radius 
greater than 300 pni are unlikely to be found in such clouds. So, in the following calculations 
a truncation size limit of r--300 pm has been adopted. 
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Fig. 32. Effect of truncation of size spectra on attenuation and radar reflection coefficient for 
M. O. Ci cloud model 1. 
X 10-3 
VAL 
0.1 
0.08 
,a 
r. 
0 
0.06 
co 
L) 
0.04 
cn 
0.02 
n 
10 
0.045 
0 100 200 300 0 100 200 300 
frequency [GHz] frequency (GHz] 
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Fig. 34. Specific attenuation for the nine Ci cloud models Of MeL Offlee- 
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Fig. 35. Radar reflection coefficient for the nine Ci cloud models of the Met. Office. 
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Calculations for the nine models of the Meteorological Office, may be seen in figures 34 and 
35. The variation of the attenuation and radar reflection coefficient with frequency is given 
in table XX. 
Table XX. Specific attenuation and radar reflection coefficient values for the Ci cloud models 
of the Meteorological Office. 
f [GHZI 30 60 100 150 300 
min max 
I 
min max min max min max min 
I 
max Ia 
[dBfhm] le-5 
1 
le-4 5e-5 2e-3 4e-4 le-2 
- 
2e-3 7e-2 3e-2 le- 
. 
Lp, 1" 
F4c-5 
2e-5 5e-4 
1 
le-4 4e-3 
1 
6e-4 2e-2 le-2 8e-2 
JI 
Table XXI. Specific attenuation and radar reflection coefficient values for the monodispersive 
Ci cloud models of table XI. 
f [GHzl 30 60 100 iso 300 
min max min 
I 
max min max min max min max 
cc [dB/hm] 4e-6 6e-5 2e-5 6e4 2e4 6e-3 le-3 3e-2 1 e-2 4e-l 
LP 
I lh-0 I 5e-7 2e-5 6c-6 2c-4 6e-5 2e-3 
I 
3e-4 7e-3 2e-3 2e-2 
Results for the monodispersive cirrus cloud models of table XI may bee seen in figures 36 and 
37. The lesser the concentration of the ice particles for a given ice content, the higher the 
resultant attenuation and radar reflection coefficient. For example, the specific attenuation 
resulting from cloud model 4 is five times higher than that resulting from cloud model 6, 
despite the fact that the two clouds have the same ice contem The variation of the attenuation 
and radar reflection coefflcient with frequency is given in table =. 
The calculations have been repeated for water, assuming the same mass content and 
concentration, so that a comparison between the resultant attenuation and reflection coefficient 
of ice crystals and water droplets is possible. Results for both ice and water can be seen in 
figure 38, where the minimum and maximum values of the resultant attenuation and reflection 
coefficient are shown. 
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Fig. 36. Specific attenuation for the monodispersive cirrus (Ci) clouds of table XI. 
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Fig. 37. Radar reflection coefficient for the monodispersive cirrus (Ci) models of table XI. 
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Fig. 38. Comparison between the ice and water attenuation and radar reflection coefficient 
resulting from the monodispersive cloud models of table XI. 
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In conclusion for frequencies above 60 GHz the attenuation due to ice is not negligible, but 
below 100 GHz it is quite small. Attenuation due to cirrus clouds becomes important for 
frequencies above 150 GHz and comparable to that of water above 200 GHz. The radar 
reflection coefficient of cirrus clouds, is very high and comparable to that of water throughout 
the millimetre wave spectrum. Since in cirrus clouds attenuation is very small for frequencies 
below 100 GHz, these clouds can be easily identified by millimetre wave cloud radars. Values 
of the equivalent reflectivity are expected on the average to be around 0 dBZ. 
4.6 The effect of super-large drops on the extinction and back scattering of clouds. 
In the preceding sections specific attenuation and radar reflectivity calculations for the cloud 
models of Silverman, Carrier and Ajvazyan were presented. In these calculations the spectra 
of large drops were taken into account only for Ajvazyan's cloud models so that a comparison 
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with die results from the models of Silverman and Cariier became possible. It was seen that 
supcr-large drops may enhance die resultant radar reflection coefficient even by two orders of 
magnitude. 71iis observation proves to be quite critical if millimetre wave radars are to be 
employed for the identification of various cloud types. Thcrefore the effect of super large 
drops on die resultant attenuation and reflectivity ought to be assessed in further detail. 
Results which summarize die effect of super-large drops in clouds may be seen In figures 39 
and 40, respectively. Here, the specific attenuation and radar reflection coefficient calculations 
for Ajvazyan's selected cloud models arc illustrated. The results shown with the continuous 
line refcr to calculations for which only the spectra of small drops have been considered. 7be 
results depicted with the dashed Hnc include the spectra of super-large drops so that the 
comparison becomes possible. For stratiform clouds (Sc, Ns) or cumuliform clouds (Cu-cong) 
wifli low concentrations of supcr-large drops (typically less than 500 m') the attenuation 
increases slightly, but the radar reflection coefficient may increase by two orders of magnitude. 
Fig. 39. Effect of supcr-largc drops on the resultant attenuation for various cloud types. 
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Fig. 40. Effect of super-large drops on the resultant radar rcflccdon coefficient for various 
cloud types. 
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For vcnically extended structurcs, such as die Cb (max) Ajvazyan's cloud modcl attenuation 
can be seriously affected. Indeed it may increase even by 75% (extreme case) throughout the 
entire millinictrc wave spectrum. For frequencies below 100 GHz the radar reflection 
coefficient is crdianccd by about three orders of magnitude, but as we move to higher 
frequencies the difference gradually reduces and finally becomes one order of magnitude at 
300 GlIz. It Is expected, however, that for much higher frequencies (ic infrared or optical) 
super-largc drops would not significandy affect die radar reflection cocfflcicnt but the resultant 
attenuation. 
4.7 Conclusions. 
In this chapter extinction and back scattering tables and calculations for a wide variety of non- 
precipitable Ice and water clouds over the entire millimetre wave spectrum have been given 
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for die first time. It was found that at millimetre wavelengths multiple scattering effects should 
not be a problem for water clouds, but for pure ice clouds and especially cirrus where large 
ice particles are often observed, a quantitative approach is necessary. 'nic presence of super- 
large drops In water clouds is a major problem and although it does not particularly affect the 
resultant attenuation, it can seriously affect the resultant radar reflection coefficient to a 
worrying level. It is therefore concluded that modelling radiowave propagation through non- 
precipitable water clouds is a quite difficult task unless the distribution and liquid water 
content of the portion of supcr-large drops in the cloud am exactly known. Evidently, the 
employment of millimctre wave radars for die identification of certain cloud types should be 
problematic. unless other accompanying instruments (ic lidars and radiometers) support die 
measurements. 
5.1 
CHAPTER 5 
REMOTE SENSING OF CLOUDS FROM SPACE. 
5.1 Introduction. 
The elTect of' clouds on the large scale circulation of the atmosphere is one of the major 
sources of uncertainty in predicting die climate change that would result from increased 
greenhouse gases. The vertical distribution of' clouds, which is particularly poorly observed, 
affects the surface radiation balance and the profile ofheat absorption and reradiation through 
the depth of the atmosphere. These have important impacts on the hydrological and carbon 
cycles and on the climate both globally and regionally. Better global observation of clouds, 
especially on their vertical distribution, are required to improve understanding of the climate 
system and to develop and validate the general circulation models used in the climate 
description. It is generally believed that there is cooling from low level clouds such as the 
extensive areas of stratocumulus over the oceans whereas high level clouds result in heating. 
Fig. 1. Mulfi-layer cloud decks as seen by a ground based mmw radar (UK GEWEX Forum). 
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Millimetre wave radars can be designed to detect most clouds. Unlike the optical radiation 
generated by lidars, the millimetre radiation can penetrate most non-precipitating clouds to 
give estimates of vertical cloud profiles. An example of multi-layer cloud decks as seen by 
a ground based millimetre radar is shown in figure 1. Millimetre wave radar is thus the best 
available tool for measuring multiple cloud layers which are either not detected or identified 
ambiguously by other techniques. 
5.1.1 Possible configurations for a spacebome cloud radar. 
The simplest configuration for a spaceborne cloud radar is that involving a nadir pointing fixed 
beam antenna. A first realistic approach would consider a radar designed to operate from an 
altitude of 500 km and requiring a mean instrument power of 300 Watts. This reduces 
complexity, data rate and costs, as well as permitting a degree of signal integration leading to 
improved sensitivity. Simple antenna design, and the use of a receiver and transmitter 
equipment that is fully or nearly fully developed, would avoid major technology developments. 
If a higher mean instrument power and lower orbit could be accepted, the fixed beam could 
be pointed between 301 and 40' ahead or behind the nadir direction. This would lead to a 
decrease of clutter returns 1rom the earth's surface suf icient to allow pulse compression ad fi n 
Doppler processing techniques to be applied and a considerable increase in detection 
performance achieved. Receiver, processor and antenna 
design would be of course much more 
complex and the tilt of the sampling cell would cause a slight decrease in vertical resolution. 
Doppler processing would bring the capability to measure line of sight wind components 
within the clouds which may 
be valuable for a simulation into numerical weather prediction 
models. However, the added complexity of an off nadir pointing instrument with Doppler 
capabilities would lead to substantial extra cost and production effort. 
The collection of data over a broad swath 
is another possibility, but a much more taxing 
problem. Using today's mechanical 
scanning technology, it is difficult to design a system 
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which aHows sufficient integration time for measurement and provides a satisfactory scanning 
capability. Nevertheless, it is reasonable to envisage that, in the near future, the use of active 
array antenna technology will provide adaptive across-track scanning and the capability for 
much more enhanced cloud sampling. 
5.1.2 Nadir pointing fixed bcam millimctre wave cloud radar. 
While a radar with Doppler and scanning capabilities could provide much more detailed cloud 
sampling, the resultant complexity and high costs limit our interest at least for the immediate 
future, to the much simpler nadir pointing fixed beam configuration. The characteristics in 
table I apply to a fixed beam nadir pointing millimetre wave radar which, on a satellite 
orbiting at 500 km altitude, would be capable of detecting with a vertical resolution of 500 
Table 1. Characteristics of a nadir pointing fixed bcam millimare wave radar. 
Frequency 94 GHz 
Peak transmitted power 1.5 kW 
Antenna diameter 2m 
Pulse repetition frequency 5 kHz 
Pulse length 3 ps 
Integration time Is 
Receiver noise level 3 dB 
RF loss to antenna 4 dB 
Nadir footprint I krn 
Mass 100 kg 
Input power 300 W 
m, clouds with a reflectivity of -30 dBZ at any level in the troposphere, in the presence of 5 
dB of atmospheric attenuation [UK GEWEX Forum 1993]. A lower frequency radar (ie. 15 
or 35 GHz) would not achieve the required sensitivity without resorting to a significantly 
larger antenna and/or more powerful transmitter, with consequent adverse impacts on overall 
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mass and power requirements. On the other hand, a higher frequency would suffer from 
unacceptably high atmospheric attenuation. 
The assessment of the potential of this relatively simple radar to deduce information about the 
vertical structure of clouds is the subject of this chapter. First, information about the vertical 
structure for a wide selection of clouds is collated, and then the resultant attenuation and 
reflectivity profiles are calculated. 
5.2 Cloud particle sizes and concentrations. 
The following data have been identified and used for the calculation of attenuation and 
reflectivity PrOfilcs- In addition to the well established models, in each case where there are 
perceived weaknesses, more recent measurements have been sought. 
5.2.1 Cirrus. 
Data from Paltridge and Platt [1981], Foot [1988a] and the UK Meteorological office have 
been examined. Data for Cirrus appears to be somewhat sparse, compared to that available for 
other clouds, presumably owing to the difficulties in collection and the lesser importance 
attached in the past to these clouds. It is noted, in particular, that although vadations in liquid 
Table 11. Cloud and flight information for five horizontally uniform and well-defined CirTus decks and one isolated 
Cirrus patch over Sorocco, New Mexico, during 
March 1979. Symbol definition as follows: Z. = cloud top; 7, =cloud 
base; T. =cloud top temperature; Tb=cloud 
base temperature; t. =local time at cloud top; %=local time at cloud base; 
, a_--ce . nlar zenith anple 
during profile; n=average number concentration, W=averaRe ice water content. 
Flight 
N 0. o. 
Z. 
[km] 
Z. -Z, 
[km] 
T. 
tocl 
Tý 
[OCI 
ý t. 
tll] 
tb 
[h] fl [cm 2,1 
w 
[g/rn'] 
2 9.88 0.91 -49 -38 11.59 12.36 39.8 - 
3 9.55 0.73 -56 -42 12.10 12.42 37.1 0.4 0.004 
3a 9.70 0.15 -50 -49 11.40 11.52 36.8 - - 
4 
5 
10.1 
10.3 
1.03 
2.43 
-54 
-56 
-46 
-36 
12.00 
12.45 
11.50 
13.40 
36.2 
39.5 
0.4 
0.9 
0.006 
0.023 
6 9.42 1.46 -47 -34 13.45 14.12 42.2 0.8 0.024 
[-7 
9.73 1.82 -45 -32 11.55 1 
12.47 33.3 
1 
0.9- 
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water content and particle size with height are seen in the data examined, no general models 
for the height dependence of microphysical properties are available. Each cirrus deck is taken 
to be vertically and horizontafly unifonn in particle density and size distribution. 
Paltridge and Platt reportcd aircraft measurements of the radiation and microphysical. profiles 
of five horizontally uniform and well defined Cirrus decks and one isolated Cirrus cloud patch 
over Socorro, New Mexico during March 1979. A summary of the flight and cloud 
charactefisfics are given in table 11. 
Foot [ 1988a] gives a detailed description of a Cirrus formation which was observed over the 
south-west of England as part of a slow moving front oriented north-south over western 
Ireland. Two aircraft flying simultaneously collected information on the microphysical 
properties of the clouds, including size-spectra. A summary of the data collected from one of 
these flights is given in table 111. 
Table M. Microphysical and macrophysical description of a cirrus cloud, as observed by MRF H442 on 26 Feb 
10RI nver the SW of En2land. (Foot [1988a]). 
ýatc 
-and 
Cloud Cloud Cloud Cloud Cloud Cloud Cloud 
-- 
Cloud 
Flight No Top Base Top Base Top IWC Base Top Base 
[km] [kmj Temp Temp Ig/m, j lwC r. ff IPM] r., IPM] 
I*Cj 1, C] 1g/M, 1 
26.2.81 7.6 4.9 -45 -30 0.0134 0.0162 20 41 
H442 I I I I I I 
I 
More comprehensive and better instrumented measurements of Cirrus are available from the 
UK Met Office FIRE/ICE studies [Illingworth 1992]. The results have been aIrcady 
summarized in table X of chapter 4. 
c 1) 1 Qtrfjtnv and Stratocumulus. 
Feigelson [ 1984] gives models for the spatial (and temporal) variation of liquid water content 
associated with St or Sc clouds 
(see figure 8 of chapter 4). Three temperature-dependcnt two 
layer models are derived from that figure, which are summarised in table IV. 
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Table IV. Feigclson's temperature dependent two layer St/Sc cloud models. 
Top Base Top B ase Top Base Top Base 
Jkm] [kmj lwc ]we r, r, temp temp 
g/m, g/m, Ipm] Ipm] 10C] 10C] 
Upper 1.0 0.5 0.225 0.225 5.5 4.8 -10 -7 
Cloud layer 
Model I - 
Lower 0.5 0.0 0.225 0.07 4.8 4.0 -7 -3.5 
layer 
Upper 1.0 0.5 0.275 0.275 5.5 4.8 -5 -2 
Cloud layer 
Model 2 
Lower 0.5 0.0 0.275 0.100 4.8 4.0 -2 2 
layer 
Upper 1.0 0.5 0.375 0.375 5.5 4.8 5 8 
Cloud layer I I 
Model 3 
Lower 0.5 0.0 0.375 0.150 4.8 4.0 8 11 
I 
layer I I 
Since the concentration and sizes of cloud droplets can vary greatly from the average 
distributions, we have also used a number of samples of data and a number of models from 
other sources for the purposes of comparison. The Stratus and Stratocumulus cloud models 
also used in addition to Feigelson include Silverman and Sprague [ 1970] (included later in the 
AFGL models) and Carrier et al, [19671, already given in tables IV and VI of chapter 4, 
respectively. Particular case studies examined include Foot [ 1988b] and Nicholls [ 19841. Data 
from their studies arc summarized in tables V and VI respectively. Foot's data were taken on 
a day with persistent Stratocumulus over the south-wcst of the UK. Nicholl gives data for 
typical marine Stratocumulus off the Yorkshire coast. 
Table V. Cloud structure and microphysical description of a Sc sheet over the south-west of 
EnLyland (after Foot [1988b]). 
Cloud Cloud Temp Temp rff top r, ff base LWC top LWC 
top base top base IPM] [Pml [g/n, 31 base 
[km] [kml 10 Cl 10 Cl 
1 2.2 1.25 -10 -3 7.7 5.8 0.44 1 
0.10 1 
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Table VI. Cloud microphysical parameters and other characteristics of a marine Sc cloud off 
the Yorkshire coast (after Nicholls [1984]). 
Cloud Cloud Temp Temp rff top r, . ff 
base LWC LWC 
top base top base I)IMI IPM] top base 
[km] [km] loci foci Ig/mIl Ig/mIl 
_0.8 
0.35 8.5 10.5 10.0 5.25 0.362 0.044 
The spectra of precipitating Stratus or Stratocumulus, have been represented in our calculations 
by the relevant exponential size relation given in chapter 4, (also applicable to super-large 
populations in clouds) but with NL increased by a factor of 100 for drizzle and by a factor of 
1000 for light rain. 
5.2.3 Altostratus and Nimbostratus. 
Feigelson [ 19841 reporting on the studies of Borovikov and Mazin [ 1975], shows that in Ns 
and Ns-As cloud, although liquid water content first increases with height, at approximately 
200-300 m above the cloud base, it then remains practically independent of height. Thus, the 
cloud models of Silverman and Sprague [19701 and Carrier et a] [1967] in which the lwc is 
height independent have been selected to represent typical As, and Ns liquid water clouds. 
Nevertheless, it is noted that these clouds can also be mixed ice and water or contain purely 
icc crystals. 
In view of the occurrence of mixed-phase As and Ns clouds, a two-layer ice/water model in 
addition to homogeneous liquid water clouds has been considered in the following 
calculations. 
5.2.4 Convective clouds. 
The variation of the liquid water content of a typical convective structure was given in figure 
9 of chapter 4. From that figure and assuming that the maximum lwc occurs at 80% of the 
total cloud depth (=2 km), the following two-layer model for clouds with significant vertical 
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development has been deduced. 
Table VIL Two-layer cloud model for a typical convective structure. (from figure 9 of chapter 4. ) 
top 
[km] 
base 
[kml 
lwc top 
ig/mIl 
lwc base 
Ig/mIl 
layer 1 2.0 1.6 0.01 1.0 
layer 21 1.6 0.0 1 0.01 
71 
The convective cloud models of Silverman [ 1970], and Carrier et al [ 19671 have also been 
includcd in this analysis. 
5.2.5 Special cloud case studies. 
Two detailed case studies of convective clouds with large vertical structure have been 
examined in order to help to give an insight to the attenuation and reflectivity profiles 
appropriate to this type of cloud. These are, the study by Bennetts and Ouldridge [19851 of 
an anvil of winter maritime cumulonimbus and the studies of Magono and Lee [19731. 
5.2.5.1 Winter maritime cumulonimbus anvil. 
Bennetts and Ouldridge [1985] reported microphysical and dynamical measurements in the 
anvil of a winter Cb cloud that grew in maritime air near the United Kingdom. The anvil had 
a well-organised structure, with ice content in the central region exceeding I g/m 3. The ice 
appeared to be distributed uniformly over the size range of crystals with half the total mass 
contained in particles larger than I mm. The total particle concentration in certain places 
exceeded 0.15 per cm'. Figure 2 depicts the shape of the anvil traced from a photograph, with 
the position of the MRF C-130 aircraft passes superimposed. The bars in the graph indicate 
uncertainty in position relative to the cloud reference frame. Information on the microscale 
characteristics of the anvil are given in figure 3, where the averaged differential distributions 
over the passes 3,4,5 and 6 are plotted. All the ice particle distributions are well represented 
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Fig. 2. Shape of the maritime Cb anvil traced from a photograph taken on 18 December 
1980 at the north-west of the UK (from Bennetts 119841). 
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Fig. 3. Differential size distributions over passes 3,6,4 and 5 for a maritime Cb anvil 
(from Bennews [1984]). 
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by an exponential distribution of the fonn N(D)=Noexp(-D/Do). The microphysical and 
thermodynamic structure of the anvil through passes 1,3,5 and 4 is given in figure 4. 
Fig. 4. Microphysical and thermodynamic structure ofthc Cb anvil as recorded by the MRF 
C-130 aircraft (from Bennctts 119841). 
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5.2.5.2 Snow clouds: Magono and Lee. 
25 
0 20 
The case studies of Magono and Lee are exemplified in figure 5. They found it useful to 
distinguish three stages in the development of the microstructure of cloud containing ice 
particles: (a) The early stage where the concentration of the snow crystals is still small and 
almost all portions of the cloud system arc composed of supercooled drops, (b) the mature 
stage when the ice content (iwc) of the cloud system is comparable to its liquid water content, 
and (c) the decaying stage when almost no drops are found in the cloud. It is noted that the 
number concentration of ice crystals is highest during the decaying stage, and that the cloud 
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ice content varies considerably with height, depending not only on the number concentration 
of the ice crystals but also on their shapes. 
Fig. 5. Vertical structure of snow clouds during a storm in January, 1970, over Hokkaido, 
Japan: (a) early stage on January 22; (b) mature stage on January 24; (c) decaying stage on 
January 25 (from Magono and Lee, [ 1973]). 
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A multi-layer model for snow clouds in the decaying stage has been abstracted from the data 
of Magono and Lee for the purpose of calculation. The model is described in table Vill, 
below 
Table Vill. Microphysical parameters and macrophysical structure of a snow cloud in the 
decaviniz stage, as abstracted from the studies of Magono and Lee [1973). 
loud 
layer 
Altitude 
fkml 
Concentration NTI't-11 lWC [g/mIj Temp [OCI 
1 2.4 13 0.016 -23.4 
2 
3 
2.2 
1.7 
52 
25 
0.1 
0.074 
-21.0 
-18.2 
4 1.5 5 0.01 -16.0 
5 1.3 12.5 0.055 -14.0 
6 0.0 3.5 0.0055 -10.0 
5.3 Approach to calculation of cloud reflectivity and attenuation. 
Tile conventional radar equation for volume scattering has been applied, modified to include 
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attenuation where the back scattered P, is given by: 
P, (GO X)2 
. 
en (b13 -0.2 in 10 fr k(s) ds P, (r) =n (r) . cT .e09 21(). n2 . 
äa 
. r2 
where r is the midpoint of the pulse volume, 0,,, 0. are the half-power beam widths along the 
two principal directions of the ellipticaUy shaped main beam, P. is the peak transmitted power, 
G,, the gain of the antenna, fj(r) a function that describes the back scattering properties of the 
illuminated volume, c the duration of the pulse and k(s) the attenuation coefficient in terms 
of specific attenuation (dB per unit length). The back scattered power P, can also be expressed 
as a product of a radar constant C and terms that depend only on the characteristics of the 
scattering medium, that is, 
C. IK 12 Z 0.21n 10 ff k(s) d3 
P, (r) 
2e 
where the radar constant is 
C IC3 Ibi 22 
210 
. 
12 . 
PO 
, 
Go' 
. 
e. 4ýB 
. cr 
and Z. is defined as the equivalent radar reflectivity 
ze =5;. 
4 
12 
fD 
a b(D) . N(D) dD Tr IK 
where (lb(D) is the radar cross section of a polydispersive medium described by a particle size 
distribution N(D). K describes the dielectric properties of the medium and is given by: 
m2-i 
m2+2 
where rn is the complex index of refraction of the medium. The calculations presented in this 
chapter refer to the equivalent radar reflectivity Z, (in dBZ) and include attenuation (in dB), 
given by the integral: 
Furthennore, the radar beam is considered to be uniformly filled while the range of 
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fr k(s) ds. 
incrementation is 25 m. 
5.4 Particle scattering calculations. 
Mie scattering calculations have been used throughout. Cloud particles, either water droplets 
or ice crystals, have thus been modelled as spheres. For the prediction of attenuation and 
reflectivity for water clouds, Mie scattering is an excellent approximation. For ice clouds, 
where very irregular shapes are encountered, the Mie scattering approach using equi-volume 
spheres should normally provide a first order estimate of attenuation and reflectivity. However, 
as Hardaker and Holt f 1993] demonstrated, the model of the equi-volume sphere gives for the 
renectivity results which are in surprisingly good agreement with results calculated from 
Fredholm Integral Method for prolates (ice needles) and oblates (plates) with axial ratios 1: 5. 
The temperature for water droplets has been assumed 50 C and for ice crystals -150 C, 
througout. For a cloud of particles multiple scattering has been neglected. This should not be 
a problem for all water clouds and for most of ice clouds when observed at 94 GHz. A 
qualitative assessment of multiple scattering effects follows immediately. 
5.5 Multiple scattering at 94 GHz. 
Using the qualitative approach we adopted in the previous chapter, the scattering and 
absorption coefficients at 94 GHz for water drops in the size range 0.1 to 100 Pm have been 
plotted (see figure 6). Clearly (o. -cl. Even at 300 GHz, (0, is typically -0.05. Multiple 
scattering should thus not be significant. 
Figure 7 shows the scattering and absorption coefficients at 94 GHz for ice spheres in the size 
range 0.1 to 100 Pm- 
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Fig. 6. Absorption and scattering cross sections of spherical water droplets at 94 GHz for a 
size range 0.1 to 100 pm. Also shown is the albedo, (j), 
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The critical radius is 40 prn above which the albedo exceeds 0.5. The albedo for a 100 pm 
radius is 0.95. Hence for cirrus, and ice forms of stratiform clouds without significant growth, 
multiple scattering should not be significant. For clouds with significant vertical development 
and particle growth the larger particles are Only present at fairly modest concentrations and 
hence multiple scattering should again not be panicularly significant. Nevertheless, the 
problem does deserve further study but a rigorous quantitafive approach would involve great 
mathematical and computational complexity (ie Takano and Liou [ 1989]). 
5.6 Modelling of cloud spatial inhomogeneity. 
In certain types of cloud the particle concentration, liquid water content, size distribution and 
type of particles may vary significantly along the path of observation. In order to represent 
these variations, multi-layer models have been adopted with a simple segmentation rule, 
namely that a linear reladonship holds between the cloud parameters and the depth of the 
cloud. Figure 8, demonstrates the utility of the approach. 
Fig. 8. Segmentation of cloud volume into multi-layers for the elimination Of inhomogeneity. 
LWC No 
-------------- ------------------- ---------- -------- 
Layerl 
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5.7 Problems with truncation of particle size 
distribution. 
Ice ggstalsý in Cirrus cloiud-s. 7.1ý M- L 
it is difficult to estimate where the exponential size 
distributions used for Cirrus clouds should 
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be truncated, since it is understood that the instruments used to sample particle size will not 
pick up the largest particles. For high iwc, the contribution of larger particles is significant 
both to attenuation and reflectivity. Figure 9 illustrate this, showing attenuation and rcflcctivity 
profiles for the FIRE/ICE cloud model I (iwc=0.255 g/m') truncated at 300,600 and 6000 pm. 
It is seen that if D,,,.,, =300 pm, the reflcctivity is near 0 dBZ, but increases to near 15 dBZ for 
D.. =600 pm. 
For Cirrus, a critical aspect is the visibility of other Clouds beneath. Even with an extremely 
high limit on the size distribution (Dm,,, =6000 pm), attenuation is reassuringly low (specific 
attenuation= 1.0 dB/km/g). In these calculations, a maximun equivolumetric diameter D.. =600 
pm has been taken for all ice cloud models. 
Fig. 9. Effect of truncation of size spectra on attenuation and rcflectivity for Met. Office 
Cirrus cloud model 1. 
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5.7.2 Supcr-large water drops in clouds. 
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The effects of the occurrence of super-large water drops in clouds have been dealt with in 
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chapter 4. Therefore, the same conclusions we derived there should here apply. Figures 10 and 
II demonstrate the effect of supcr-large drops on the resultant attenuation and rcflcctivitY 
profiles for selected cloud types. For St or Sc clouds where rm.. ' 
is less than 500 prn and the 
concentration of super-large drops is relatively low, the attenuation is hardly affected, but 
rcflectivity is enhanced by 15-20 dBZ. In very thick Cb clouds where r,.., =700 and the 
concentration of super-large drops is very high, the attenuation is drarnafically affected 
(increases by 40%), as is the reflectivity (increases by 20 dBZ). Evidently, when the mass 
density of the super-large drops is near or above 0.03 g/m', both attenuation and rcflcctivity 
are affected. For lower mass densities only the resultant reflectivity is notably affected. 
However, the spectrum of large drops is very difficult to be precisely modelled for a parficular 
type of cloud and it may greatly differ from observation to observation of the same cloud type. 
In view of this uncertainty, the spectra of super-large drops have been ignored in the following 
calculations of reflectivity and attenuation in the next section, unless specifically stated. 
Fig. 10. Effect of super-large drops in St/Sc clouds on the resultant attenuation and 
reflccfivity profiles. 
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Fig. 11. Effect of super-large drops in Cb clouds on the resultant attenuation and reflectivity 
profiles. 
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5.8 Attenuation and reflectivity profiles for various cloud types. 
Attenuation and reflectivity profiles have been calculated for the cloud models described in 
section 5.2. The results are now summarized. 
5.8.1 Cirrus. 
Figure 12 shows results for the nine models considered, including those from the 
Meteorological Office FIRE/ICE data and the models of Paltridge and Foot. For the model 
derived from the FIREACE data the iwc is assumed to vary linearly with cloud depth between 
half of the average iwc at the cloud top and one and a half times the average iwc at the cloud 
base. The concentration of ice crystals is kept constant for the entire cloud. The approximate 
heights of occurrence ascribed to these clouds, have been deduced by assuming a standard 
5.20 
adiabatic lapse rate of temperature with height (-6.5' C/km). 
Fig. 12. Attenuation and reflectivity profiles for the nine Cirrus cloud models of MO and those 
of Paltridge and Foot. 
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It is noted that in all cases the attenuation is negligible but the reflectivity may vary 
considerably (from -15 dBZ for thin clouds with iwc less than 0.02 gM-3 to 15 dBZ for thick 
Cirrus with iwc as high as 0.3 gM-3). 
5.8.2 Stratus and Stratocumulus. 
Results for attenuation and reflectivity for cloud models 1-3 in table IV are plotted in figure 
13. Each model is associated with a specific temperature range and corresponding Iwc. 
Increasing lwc within the range taken does not very significantly affect reflectivity, though of 
course, attenuation increases proportionally to the Iwc. (There is a 2.5 dBZ difference between 
cloud models I and 3 which bear lwc of 0.375 and 0.225 gM-3 respectively). 
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Fig. 13. Attenuation and reflectivity profiles for the St/Sc cloud models of Feigelson. 
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Fig. 14. Attenuation and reflectivity profiles for the Silverman (9,10) and Carrier (1,6) St 
cloud models. 
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Fig. 15. Attenuation and reflectivity profiles for the Silverman (7,12), Carrier (3) and Foot and 
Nicholls Sc cloud models. 
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Further attenuation and reflectivity profiles for St and Sc can be seen in figures 14 and 15 
where the models of Silverman, Carrier et al, Foot and Nicholls are compared. Typically for 
St or Sc specific attenuation is about I dB/km and reflectivity is in the range -17.5 to -35 dBZ 
dependent upon effective radius. 
Precipitating St and Sc are illustrated in figure 16. Two cases are shown, namely for drizzle 
and light rain. Cloud model 3 of table IV has been adopted for the upper part of the cloud. 
In the precipitating layer, constants for the exponential size distribution of A=100, P--6, 
r.. =500 pm and NL= 10-2 CM-3 have been taken for the drizzle. For light rain NL has been 
taken as Igl CM-3. The presence of precipitation enhances the reflectivity by 2.5 dBZ for 
drizzle (a 2.5 mm/hr) or 7.5 dBZ for light rain (-= 5 mm/hr). Specific attenuation remains 
similar to that in the cloud. 
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Fig. 16. Attenuation and reflectivity profiles for a precipitating St/Sc cloud model. 
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stratus. 
Figure 17 shows the attenuation and reflectivity profiles for Silverman's As cloud model 6 and 
model 2 of Carrier et al. A two-layer ice/water cloud model has also been considered and 
illustrated in figure 17. For the upper part an iwc of 0.1 gM-3 has been taken with a 
concentration of 0.1 CM-3, throughout the 
layer. In the lower part the cloud characteristics are 
the same as for Silverman's As cloud model. 
For the liquid water As cloud models attenuation 
is approximately 2dB/km and reflectivity 
is typically over -25 dBZ. The presence of ice in the 
upper part of the cloud would result 
in a significant enhancement of reflectivity but negligible 
attenuation. Therefore, multi-layer 
As structures can be easily recognized. 
Results for Ns cloud models are shown 
in figure 18. Here Silverman's models 8 and 13 are 
taken along with model 
4 from Carrier et al. Nimbostratus clouds seem to give values of 
reflectivily consistently 
higher by 10 dBZ than St or Sc. They are also heavily attenuating 
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Fig. 17. Attenuation and reflectivity profiles for the Silverman (6) and Carrier (2) As and the 
two layer model considered here. 
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Fig. 18. Attenuation and reflectivity profiles for the Silverman (8,13) and Carrier (4) Ns cloud 
models. 
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(- 6 dB/km for Carrier's cloud model 4). 
5.8.4 Convective clouds. 
Figure 19 gives attenuation and reflectivity profiles for the typical convective structure 
described in table VII. Profiles for Silven-nan's Cu and Cu-cong cloud models and Carrier's 
Cu-cong and Cb models are given in figure 20. As expected these cloud types exhibit high 
specific attenuation, typically 2.5 dB/km for Cu-cong and 5dB/km for Cu. Reflectivity values 
of -15 dBZ are seen at the top of the cloud but high attenuation takes its toll, reducing 
reflectivity to -30 dBZ at the base. 
Fig. 19. Attenuation and reflectivity profiles for the typical convective structure of Feigelson. 
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Fig. 20. Attenuation and reflectivity profiles for the AFGL Cu, (5) Cu-cong (14) and Carrier Cu-cong (7) cloud models. 
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5.8.5 Cloud casestudies. 
5.8.5.1 Winter maritime cumulonimbus anvil. 
Attenuation and reflectivity along vertical paths AA', BB' and CC' (see figure 4) are 
illustrated in figure 21. 
High reflectivity values are observed along the path crossing the core of the anvil, starting 
with 0 dBZ near the cloud edges and reaching 25 dBZ in the centre of the core. A similar 
pattern is observed for path BB' where at 
4 km altitude, Z--16.5 dBZ. Finally, at the right- 
hand edge of the anvil (path CC') Z varies from -10 dBz at the edges to -5 dBZ in the centre 
at 4 krn. 
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Fig. 21. Attenuation and reflectivity profiles for the maritime Cb anvil of Bennetts along 
vertical paths AA' (core), BB' (off the core) and CC' (right hand edge of the anvil). CACA 
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Fig. 22. Attenuation and reflectivity profiles for the snow cloud of Magono and Lee during 
the decaying phase (c). 
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5.8.5.2 Snow clouds: Magono and Lee. 
The multi-layer snow cloud model abstracted from the data of Magono and Lee (table VIII) 
has been used to calculate the attenuation and reflectivity profiles plotted in figure 22. 
As expected attenuation is low, but reflectivity is consistently above 5 dBZ. The unusual 
fluctuation observed at 1.5 km is related to the very small iwc reported by the authors at this 
altitude. 
5.9 Conclusions. 
The results for the attenuation and reflectivity of various cloud types are now summarized. 
Regarding the negligible attenuation and high reflectivity resulting from Cirrus clouds, we may 
conclude that the radar can easily "see" through these clouds and give infonnation for 
Table IX. Resultant attenuation and reflectivity from various cloud types at 94 GHz. 
Cloud type Attenuation 
[dB/kmj 
Equivalent Reflectivity [dBZJ 
Ci <0.3 - 15 to 15 
St 0.8 to 2.0 -20 to -35 
Sc 1.0 to 2.5 - 17 to -35 
As 2.0 -25 
Ns 2.0 to 6.0 -7 to -20 
Cu (various) 1.0 to 5.0 -10 to -32 
Ice anvil 0.7 max -10 to 25 
depending upon position 
Snow cloud <0.025 0 to 10 
depending upon height 
underlying cloud layers. Most of the radiatively important St/Sc clouds, should be identifiable, 
although in some cases the sensitivity of the radar may just not be enough to detect the cloud 
base. The presence of precipitation under the cloud, a phenomenon common for St/Sc clouds, 
can easily be detected by the significant enhancement in reflectivity (see figure 16). Other 
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stratiform clouds such as As and Ns can be more easily mapped in their vertical extent, since 
the associated reflectivity clearly lies above the sensitivity limit. Mapping of clouds with 
significant vertical extent can be problematic. The high attenuation usually associated with 
these clouds, reduces dramatically the observed reflectivity and will not allow the base of the 
cloud to be observed. Typically, reflectivity is -30 dBZ for a2 km deep cumuliform cloud. 
Ice anvils can be very well mapped in the horizontal as well as in their vertical extent. 
Furthermore, the resultant low attenuation (less than 0.75 dB/km), guarantees that information 
for the underlying cloud layers (ic the portion of the cloud that contains water droplets) can 
be obtained. Snow clouds should not be a problem. High reflectivity and negligible attenuation 
in combination with the height of occurrence should normally be the decisive factors for the 
identification and mapping of snow clouds. 
In conclusion, the analysis presented in this chapter, favours the concept of a nadir pointing 
fixed beam spaceborne cloud radar. The -30 dBZ sensitivity limit implied by the preliminary 
specification considered in section 5.2, appears to be just adequate for the mapping of the 
vertical distribution of the most important cloud structures. The former analysis clearly 
indicates that a further 5 dBZ increase in the sensitivity is critically necessary to reduce 
uncertainties related to the detection of cloud bases. However, although the millimetre wave 
radar could successfully map the vertical distribution of various cloud types, it would not be 
necessarily able to definitely identify a certain cloud type if super-large drops are present in 
the cloud. Nevertheless, the presence and the description of the spectra of super-large drops 
in clouds is a subject that deserves further study. 
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CHAPTER 6 
THE EQUATION OF RADIATIVE TRANSFER AT MM-WAVELENGTHS. 
6.1 Introduction 
Modelling the propagation of electromagnetic radiation in a medium which absorbs, emits and 
scatters radiation, is the subject of the theory of radiative transfer. In this chapter the 
fundamental quantities which the subject of radiative transfer deals with will be defined, and 
the equation that describes all the above physical mechanisms will be derived. 
6.2 Definitions 
6.2.1 The specific intensity. 
The analysis of a radiation field often requires us to consider the amount of radiant energy, 
dE, in a specified frequency interval (v, v+dv) which is transported across an element of area 
d(Y and in directions confined to an element of solid angle dco,, during a time dt (see fig. 1). 
Fig. 1. Geometry of the radiation field. 
This energy, dE, is expressed in terms of the specific intensity (or, more simply, the 
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intensity), 1, by: 
dE, = ]ý(Pý) dvdadwdt . 
It' 1, is not a function of direction the intensity field is said to be isotropic; if 1, is not a 
function of position the field is said to be homogenous. And if the intensity is the same at all 
points and in all directions the field is said to be homogenous and isotropic. The intensity 1, 
integrated over all the frequencies is denoted by I and is called the integrated intensity; thus 
I= fldv . 
While for most purposes the intensity 1, sufficiently characterizes a radiation field, it is 
important to note that further parameters describing the state of polarization of the radiation 
field must be specified before we can regard the description of the field as really complete. 
6.2.2 The Stokes parameters. 
In order to describe a general radiation field, four parameters namely the intensity, the degree 
of polarization, the plane of polarization and the elipticity of the radiation at each point and 
in any given direction should be specified. In a gaseous medium the most convenient 
representation of polarized radiation is by a set of four parameters introduced by Sir George 
Stokes [1901]. 
Fig. 2. Ellipse of polarization. 
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It is well known that in an elliptically polarized radiowave the vibrations of the electric (and 
the magnetic) vector in the plane transverse to the direction of propagation are such that the 
ratio of the amplitudes and the difference in phases of the components in any two directions 
at right angles to each other are absolute constants. A regular vibration of this character (either 
the electric or the magnetic field) can be represented by: 
0=ý (O)sin((at-Ed 
, ý, = Q( 
)Sin((jt-E, ) , &r r 
where ýj and E, are the components of the vibration along two directions I and r at right angles 
to each other, w the circular frequency of vibration, and and rzr are constants. 
If the principal axes of the ellipse described by (kj, ý) are in directions making angles X and 
X+Ihic to the direction 1, the equations representing the vibration take the simplified forms 
cos 0 sin wtE (0) sin P cos wt .2 
where 0 denotes an angle whose tangent is the ratio of the axes of the ellipse traced by the 
end point of the electric vector. We shall suppose that the numerical value of P lies between 
0 and 1/2n and that the sign of 0 is positive or negative according to as the polarization is 
right-handed or left-handed. Further, 4(o) denotes a quantity proportional to the mean amplitude 
of the electric vector and whose square is equal to the intensity of the beam 
gj(0ý2 
I 
After some algebraic manipulation we can finally write for the regular vibrations representing 
an elliptically polarized beam the relations 
I= [(O)J2 += jr + j, 
CIU(012 -I &r (0)]2 =I cos 20 sin 2x = (11-Id , 
U= 2ý10) tr (0) COS(El-f) =I cos 2p sin 2X = (1, -I) tan 2X , 
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2ý1(0) C, (O) sin(F-, -F) =I sin 20 = (1, -Id tan 2p sec 2X . 
These are the Stokes parameters representing an elliptically polarized beam. We observe that 
among the quantities I, Q, U and V defined previously there exists the relation 12=Q2+U2+V2. 
Further, the plane of polarization and the elipticity follow from the equations tan2X=U/Q and 
sin2 p=V/(Q2+U2+V2)%. In some cases (ie when applying linear transformations to the Stokes 
parameters), it is more convenient to use a slightly different set of Stokes parameters, that is 
1=[I,, I,, U, V]. The two sets are absolutely equivalent and as we have seen, I=11+1, Q=11-1,. In 
representing the vibration by the fori-ner set of equations we have assumed the amplitudes and 
the phases to be constants. But in reality this is not attainable and the amplitudes or phases 
although may be constant for millions of vibrations, yet they may change irregularly millions 
of times a second. However, in an elliptically polarized beam these irregular vibrations must 
be such that the ratio of the amplitudes and the difference of phases should be absolute 
constants. Thus, the apparent intensity vector I is given by the mean values 
J=ý&Pf' I=[&(O)]2,0 000 
11rr U=2[&, 
( ) Q( I cos8, V=2[&, ý ) &r()] sin8 
provided the shape and the orientation of the polarization ellipse remain constant through all 
vibrations. 
6.2.3 Energy flux. 
The component of flux in the d-direction, F,, d(P), is defined as the total energy flowing across 
unit area perpendicular to d, per unit frequency interval. An infinitesimal area d7rd has a 
projected area in the s-direction 
d, ns = dild cos(d, 
where (d, s) denotes the angle between the two vectors. The energy flux across dicd, integrated 
over all s-directions is, from the definitions of I, (P, s) and Fd(P), 
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F,, d(P)dVd7rd ý 
fl, (P, i)cos(-d, ý) dndcadv , 
or 
F,,. d(P) = 
fl,, (P, i)cos(7d, ;) dws 9 
where the integral extends over all solid angles. 
6.2.4 Energy density. 
Let us consider a cylinder, parallel to the s-direction, of length ds and cross-section d7c, A 
quantum of radiation travelling in the s-direction will spend a time dt=ds/c in the cylinder, 
where c is the velocity of light. The total amount of energy in the cylinder made up of quanta 
Fig. 3. Radiative heating. 
d s) d7TS ds 
IV d vs 
travelling in the s-direction within the solid angle dco, is that which crosses dn, in time dt 
I, (P, ; )d7EdvdG)A 
S) dn. "wA 
c 
The volume of the cylinder is dsdn, and these quanta contribute to the energy density an 
amount 
I'(P. S) dvd(, ), 
c 
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Integrating over all directions we find for the energy density in the frequency range v to v+dv 
u, (P)dv = 
dv fl, (P, 
c 
Hence, 
U, (P) = 
47r 
I (P) 
cv 
where 
-('P 5fI, (P, 4Tc 
is the average intensity of the radiation field. 
6.2.5 Heating rate 
The divergence of the energy flux equals the rate at which energy is added to the field per unit 
volume, i. e. the rate at which energy is lost by the matter. Let h, be the rate per unit volume 
at which heat is gained by matter from radiation in unit frequency range 
= -VF 
Expanding the right side of fonner equation and using the definition of flux we find 
dI,, 
V-F,, = fd(. )s & 
The meaning of this equation is now made clear regarding figure 3. The energy lost by matter 
in the small cylinder is (dI, (s)/ds)dsdi%d(o, per second per unit frequency range. Since dsdn, 
is the volume of the cylinder the heat loss per unit volume from radiation travelling in the s 
direction is (dlv(s)/ds)d(j),, and the last equation follows by integrating over all (i), 
It is now useful to introduce the concept of radiative equilibrium, whereby there is no net 
energy exchange between matter and the radiation field 
6.7 
h= fh,, dv =0. 
A special case of radiative equilibrium is monochromatic radiative equilibrium where 
=0 
In defining radiative equilibrium and in other problems concerning atmospheric 
thermodynamics the relevant quantities are those which are integrated over the entire spectrum. 
In this case, 
I= fIdv ,F= 
fF,, dv ,u= 
fudv 
, etc. 
6.3 The absorption coefficient. 
A pencil of radiation traversing a medium will be weakened by its interaction with matter. If 
the specific intensity 1, therefore becomes 1, +dl, after traversing a thickness d, in the direction 
of its propagation, we write 
dt, =- ic,, p I, ds , 
where p is the density of the material. The quantity K, introduced in this manner defines the 
mass absorption coefficient for radiation of frequency v. Now it should not be assumed that 
this reduction in intensity, which a pencil of radiation in passing through matter experiences, 
is necessarily lost to the radiation field. For it can very well happen that the energy lost from 
the incident pencil may all reappear in other directions as scattered radiation. In general we 
may, however, expect that only a part of the energy lost from an incident pencil will reappear 
as scattered radiation in other directions and that it represents the transformation of radiation 
into other forms of energy (or even of radiation of other frequencies). We shall therefore have 
to distinguish between the absorption and scattering. Considering first the case of scattering, 
we say that a material is characterized by a mass scattering coefficient r, if from a pencil of 
radiation incident on an element of mass of cross-section d(Y and height d, energy is scattered 
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from it at the rate 
x, p d, x 1, cose dv do dw 
in all directions. Since the mass of the element is 
&n =p cos8 do ds , 
we can also write 
ic, I,, &n dv dw . 
It is now evident that to fon-nulate quantitatively the concept of scattering we must specify in 
addition the angular distribution of the scattered radiation. We shall therefore introduce a 
phasc function p(cosE)) such that 
rc, 1, P(Cose) 
dw' &n dv dw 
47c 
gives the rate at which energy is being scattered into an element of solid angle d(O' and in a 
direction inclined at an angle E) to the direction of incidence of a pencil of radiation on an 
element of mass dm. The rate of loss of energy from the incident pencil due to scattering in 
all directions is 
1,, dm dv dw f p(cos@) 
dw' 
4, n 
assuming that the phase function is normalized to unity, that is 
P(COSE)) 
dw/ f 
41c 
When both scattering and true absorption are present, the scattered intensity is given again by 
the same expression, but the integral of the phase function over all directions is naturally less 
than unity, that is 
do 
p(cose) 41r = WO ý5 
1. 
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Thus the general case differs from the case of pure scattering only by the fact that the phase 
function is not nonnalised to unity. 
It is evident from our definitions that 4 represents the fraction of the light lost from incident 
pencil due to scattering, while (1-4) represents the remaining fraction which has been 
transformed into other forms of energy (or of radiation of other wavelengths). We shall refer 
to 4 as the albedo for single scattering. Moreover, when 4=1 we shall say that we have a 
conservative case of perfect scattering. 
The simplest example of a phase function is 
p(cos@) = constant = coo , 
In this case the radiation scattered by each clement of mass is isotropic. Next to this isotropic 
case greatest interest is attached to Rayleigh's [18991 phase function, 
P(Cose) =3 (1 + Cos 2e) 4 
This phase function is normalised to unitY so that is an example of a conservative case of 
perfect scattering. Another phase function which is of particular interest in problems relating 
to planetary illumination is 
P(COSO) = WO +x COSO) (-1 :ýx 
In general we may suppose that the phase f-uncfion can be expanded as a series in Legendre 
polynomiaIs of the form 
P(Cose) W, PXCOSE)) 
1-0 
where the col's are constants [Chandrasekhar 1950]. 
In practise the series on the right hand-side 
is a tenninating one with only a finite number of terms. 
6.10 
6.4 The ernission coefficient. 
The emission coefficient j, is defined in such a way that an element of mass din emits in 
directions confined to an element of solid angle dw, in the frequency interval (v, v+dv) and 
in time dt, an amount of radiant energy given by: 
&n d(a. dv dt . 
In the case of a medium which scatters radiation (not necessarily with an albedo (O"=I) there 
will be a contribution to the emission coefficient from the scattering of radiation from all other 
directions into the pencil of directions considered. Thus, the scattering of a pencil of radiation 
from a direction (0', 0') contributes to a pencil in the direction (0,0), energy at the rate 
sin"di"d(p' X, 4m, dvdw., P(10,4 4, x 
where we have written p(0,0; 0', O')to denote the phase function for the angle between the 
directions specified by (0,0) and (0 Hence the contribution, j, ("), to the emission 
coefficient by scattering alone is 
x 21t 
j, s, ffp (0,4p; b'p(p) 1, (0', q) siniY' dO'dcpl 47r 
00 
We may expect that in general there will be contributions to the emission coefficient from 
causes other than scattering (ie thermal emission which is a common case in planetary 
atmospheres). In this latter case, the emission coefficient is given by: 
i3 
,= jy - j: 
where j, ' refers to contributions resulting from causes other than scattering. 
When j, '=O we have a purely scattering atmosphere and 
s j, s iv 
It must be noted however, that a scattering atmosphere does not imply that we have a case of 
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perfect scattering. 
6.5 The source function. 
The ratio of the emission to the absorption coefficient is called the source function and is 
denoted by J,. Thus, 
ill 
il 
xv 
Particularly for a scattering atmosphere the source function is written 
n 2m 
ff p(#, 4p; lD', (p) 1, (01, (p) sinOldOld(pl 4n 
0o 
The source function is greatly simplified when the gaseous medium is in local thermodynamic 
equilibrium (LTE). An atmosphere is said to be in local thermodynamic equilibrium when it 
is possible to define at each point in the atmosphere a temperature T such that the coefficients 
of absorption r,, and emission j, are related according to the Kirchhoff-Planck equation 
ic, B, (7) 
and 
B, (7) 2hv 
31 
c2e hvfkT- 
wherc B, is the Planck function (k and h arc the Boltzmann and Planck constants, 
respectively). In this latter case the source function takes a particularly simple form, 
B, (7) . 
6.6 The equation of transfer. 
We shall now derive the fundamental equation which governs the variation of intensity in a 
medium characterized by an absorption coefficient r, and an emission coefficient j,. (it should 
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be noted that the emission coefficient can itself depend on the radiation field as will be the 
case, for example, in a scattering atmosphere. ) For this purpose consider a small cylindrical 
element of cross-section do and height ds in the medium. From the definition of intensity, it 
now follows that the difference in the radiant energy in the frequency interval (vv+dv) 
crossing the two faces normally, in a time dt and confined to an element of solid angle, is 
given by: 
dT, 
dsdvdadcoA aý 
This difference in energy must arise from the excess of emission over absorption in the 
frequency interval and element of solid angle considered. Now the amount absorbed is 
ic, p ds x dv do dc. ) dt , 
while the amount emitted is 
p da ds dv dca dt . 
Counting up the gains and losses in the pencil of radiation during its traversal of the cylinder, 
we have 
dl, 
= aý 'C"PI, + j, p 
In terms of the source function J, we can rewrite this equation in the form 
dt,, 
x, pds 
This is the equation of transfer. In its more general form the equation transfer must take into 
account the polarization properties of the intensity. Chandrasekhar [1947], following the Stokes 
forinalization wrote first the equation of transfer in vector forin 
PC "is 
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where J(0,0) denotes the vector source function for 1(0,0). Generally, J=J, +J,, where J, is the 
contribution due to scattering and J. is the contribution due to all other causes. To evaluate 
U0, O), we must consider the elementary contribution dJ, (0,0; 0 ', 0') to the source function 
arising from the scattering of a pencil of radiation of solid angle dco' in the direction (0', 0'). 
This is given by: 
dJ(üp<p; O', dpý ý 
Z(7Z-t2) ii(COSO) Z(-tj) 
47r ' 
where I(O', ý') refers to the directions parallel and perpendicular to the plane of scattering 
OPIZ, and R(cosG) is a phase matrix which expresses the angular distribution of the scattered 
radiation (see figure 4). 
Fig. 4. Geometry for the illustration of the equation of transfer in vector form (after 
Chandrasekhar [1950]). 
7 
y 
A 
L(ij) and L(7c-i2) are linear transformations that have been applied to the intensity vector to 
account for the effect of rotation of the axes of reference. il is the angle between the meridian 
plane OPjZ and the plane OPP., and '2 is the angle between the planes OP2Z and OPIP2. 
The source function J, (O, ý) is now obtained by integrating the contribution Q, (O, ý; O', ý') 
over all directions Thus, 
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ic 21t 
1(71-12) IRCOSE)) ! (-il) 1(0/., (pl) sinl)'db'dý' 3(o 
00 
or 
u 2jT 
ff F3(IY, (p; 0'4p') 1(01(pl) sinlDldbld(pl 47c 
00 
where the phasc-matrix P(O, ý; O', ý') is given by: 
loý-12) 
' 
kcOS19) 2: (-' 
1) 
Thus, the sour-cc function J can be calculated and the equation of radiative transfer in vector 
fonn is now fully defined. 
6.7 The solution of the equation of transfer. 
The general solution of the equation of transfer was given by Chandrasekhar [19501 
i 
1(0) e-'4-0) + fj(s1)e-'r($-sý icp ds' 
0 
where r (s, s') is the optical thickness of the material between the points s and s'; thus 
I 
ficp ds 
at 
The physical meaning of the solution is clear. It express the fact that the intensity at any point 
and in a given direction results from the emission at all anterior points, s', reduced by the 
factor c-'(") to allow for the absorption by the intervening matter. 
6.7.1 The solution of the equation of transfer at mm-wavclenRths. 
A typical nadir viewing problem in satellite remote sensing is the calculation of radiance at 
some altitude z, above the earth, due to the combined effect of radiating surface at z,. such 
as the land, sea or cloud top, and the thermal emission of the atmosphere (see figure 5). At 
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Fig. 5. A typical nadir viewing application in remote sensing. 
to satellite 
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millimetre wavelengths where scattering by gases or suspended particles is negligible, the 
equation of radiative transfer takes a particularly simple form 
Z# 
1, (zý=I, (z) e-Tjz"-zý + 
fB, (z, 7Tz» k, (z) p(z) e-r(4z, ýe 
Z, 1 
w1jere lv(z,. ) is the intensity of radiation leaving the surface, p is the density of the absorbing 
gas, k, is the volume absorption coefficient, T, 
is the optical depth and B, the Planck function. 
Generally, the intensity 1,, (z,. ) is given by: 
=EB, (Z 
, (Z$ fB, (z) k, (z)p(z) e-"('-ziý*] 
Zil 
where e is the emittance and 
T, the temperature of the surface. The effective edge of the 
earth's atmosphere is zb and 
Tb is the temperature at its boundary. The first term Of the former 
equation represents the thermal emission 
of the surface. The second term represents the total 
radiation reaching the surface 
from the atmosphere, multiplied by the reflectance 1-6, if we 
assume specular reflection. 
if the surface is a black body, then C=1 and the second tenn 
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disappears. IF-or a limb viewing case looking into deep space, the observed radiance will be due 
to atmospheric thermal emission alone and will be given by: 
Z, 
IV(ZS, ) = fB, (z, T(z» k(z) p(z) e-%(z4dz . 
Z, 1 
6.8 Breakdown of thermodynamic equilibrium. 
In strict thermodynamic equilibrium the source function depends upon the temperature, 
frequency and die velocity of light only. As we have already seen, this assumption greatly 
reduces the problems involved in the solution of the equation of transfer. it is therefore 
important to make an objective assessment of the applicability of this idealization under 
atmospheric conditions. 
As Einstein demonstrated, an element of matter placed in a constant temperature enclosure 
may not absorb or emit energy according to Planck's and Kirchhoff's laws because of the 
existence of stimulated emission. A molecule may be stimulated by the impact of a photon and 
the resultant emission depends upon the intensity of the radiation environment. This 
phenomenon can not be described by classical thermodynamics. 
Instead, methods of quantum 
mechanical statistics have to be employed to explain the net energy transfer resulting fme ro th , 
interactions between molecules and the radiation field. The description of the physical 
processes involved in conditions where no 
LTE prevails is rather complicated and as such it 
will be omitted. Nevertheless, 
it should be mentioned that in the middle and higher atmosphere 
(altitudes > 80 kn') the conditions for the existence of 
LTE begin to break down. In the 
following chapters we will ignore this fact, since at millimetre wavelengths the absorption and 
emission properties of the atmospheric 
gases are not seriously affected by the non-existence 
of LTEI conditions. 
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CHAPTER 7 
CALCULATION OF ABSORPTION AND DISPERSION SPECTRA OF 
ATMOSPHERIC GASES AT MM-WAVELENGTHS AND THE EFFECT OF 
TRACE GASES ON RADIOWAVE PROPAGATION. 
7.1 Introduction. 
At millimetre wavelengths absorption and dispersion by atmospheric gases can have significant 
effect on the propagation of electromagnetic radiation. Close to the earth's surface, absorption 
by atmospheric gases is dominated by water vapour and oxygen. Nevertheless, other 
atmospheric gases, including trace constituents, put their spectral signatures in the millimetre 
frequency spectrum (See figure 1). Although such contributions to attenuation are negligible 
for Communication systems operating close to the earth's surface, they may become important 
for applications in remote sensing, navigation and communications operating at high altitudes. 
For the characterisation of the absorption and dispersion along slant paths at high altitudes, 
the spectra of various trace gases, refraction effects and relative air mass calculations must be 
evaluated. Computer programs are already available to calculate absorption spectra. FASCOD 
from Clough et al [19811, performs radiance and transmittance calculations, but it is very 
complicated and difficult to use particularly 
from the point of view of the radio engineer. In 
this chapter a simpler yet rigorous approach to modelling -the Atmospheric Propagation Model 
(APM) is described. The model addresses the needs of the radio engineer but may also be used 
for remote sensing applications. A line-by-line summation technique is used but interaction 
mechanisms are included and also provision 
is made for the water vapour continuum. 
Radiometric data and measurements verify the validity of the modelling approach. The effects 
of trace gases on radiowave propagation at wavelengths shorter than 
3 mm are for the fi , rst 
time presented. Calculations 
for communication systems operating at high altitudes are given. 
, nlcspcctra of the two principal contributors, 
H20 and 02 are compared with the spectra of 
various trace gases. 
it is found that the contributions of trace gases are important. 
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Fig. 1. Spectral lines of various atmospheric gases from AFGL's HITRAN 1986 compilation. 
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7.2 Theory of gaseous absorption. 
Neglecting the interaction between modes of energy it can be written for the energy of an 
isolated molecule 
E=E, +k+E, +Et, 
where E,, E, I,, are the electronic, vibrational and rotational energies, respectively and Et is 
die translational energy. The first three terms in equation are quantized, and take discrete 
values only, these values being spccified by one or more quantum numbers. Any combination 
of quantum numbers dcflncs an energy state or quantum state, or term. 
For absorption or emission to take place matter must interact with the incident field of 
electromagnetic radiation which in practice must involve an electric or magnetic dipole or 
quadrupole moment. In other words, for a molecule to be able to interact with an 
electromagnetic field and absorb or create a photon of frequency v, it must possess at least 
transiently, a dipole oscillating at that frequency. For emission or absorption spectra this 
transient dipole is expressed in terms'of quantum mechanics by the transition dipole moment. 
For a transition between states with eigenfunctions Nf, and Yj is defined as 
liv = -ef*; r*, dr 
where r is the location of the electron. The coefficient of stimulated absorption (and emission) 
and dlcrcfore the intensity of the transition 
is proportional to the square of the transition dipole 
moment and a detailed analysis gives 
s-I tif F 
if 6EOh 2 
and only if the transition 
dipole moment is non-zero does the transition contribute to the 
spectrum. 
. ractions resulting 
in transitions of the dipole moment can differ widely in st ng . El c Inte re th c tric 
dipole interactions are greater 
by a factor of order IW than magnetic dipole interactions; 
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electric dipole interactions are of the order of 108 times stronger than electric quadrupole 
interactions. Electric dipole transitions are therefore responsible for the strongest spectral lines, 
and are called permitted transitions. Other transitions are loosely named forbidden. The nature 
of a transition can be specified in terms of the quantum numbers of the upper and lower states 
(see Herzberg [19451, [19501). Such a relationship is known as a selection rule. When a 
transition takes place from one energy state to another, the frequency v of the absorbed or 
emitted quantum being given by 's relation, 
AE = hv , 
where h is 's constant and AE the energy gap between the energy states involved in the 
transition. 
The most general transition involves simultaneous changes of electronic, vibrational, and 
rotational energy. The minimum energy jumps commonly observed vary considerably between 
die three forms, and provide a convenient preliminary method of distinguishing between them. 
Minimum changes in rotational energy are typically of the order of I cm". Rotation lines, that 
is lines due to rotational energy changes only, therefore forin part of the microwave or the far 
infrared spectrums. Vibrational energy changes are rarely less than 600 cm-1. This is so much 
larger than the minimum for rotational energy change that vibrational transitions never occur 
alone, but with many simultaneous rotational changes giving a group of-lines which constitute 
a vibration-rotation band, usually 
in the intermediate infrared spectrum. An electronic 
transition typically involves a 
few electron volts of energy, and the resulting absorption or 
emission usually Occurs 
in the visible or ultraviolet spectrum. Atoms can exhibit electronic line 
spectra, but molecules 
have complex band systems, with simultaneous changes of all three 
forms of quantized energy. 
In reality a transition 
from one energy level to another is very complicated and usually 
involves simultaneous changes of all 
three quantized forms of energy. To a first approximation 
die three forms of internal energy are additive. 
A typical term scheme is shown in figure 2. 
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If the energies were strictly independent the selection rules for a combined transition could be 
regarded as a combination of the three separate selection rules, (that is the selection rules for 
a rotational, vibrational or an electronic transition to occur) except that where symmetry 
properties are involved die symmetry of the complete wave function must be considered. In 
practice bands resulting from combined transitions differ markedly from expectation on a non- 
interacting model. This is partly because of the need to consider the total wave function where 
symmetry rules are involved, e. g the total angular momentum includes all types of angular 
momentum, and it is to this that the selection rule must be applied. There are, however, also 
energy interactions between electronic, vibrational, and rotational states which strongly 
influence the resulting spectra. Any further attempt to give insight to the mechanism that the 
interacting internal energies undergo, goes beyond the scope of this thesis and the interested 
reader is advised to consult the excellent works of Herzberg [1945], [1950]. 
Fig. 2. Typical term scheme for the V3 fundamental mode of H20 (after Herzberg [19451). 
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The energy states of gaseous molecules are well defined and discrete and therefore the 
positions of the resultant spectral lines can be calculated. The U. S. Air Force Geophysics 
Laboratory (AFOL) high-resolution transmission molecular absorption database (known under 
the acronym HITRAN (Rothman et al 1987]), gives the exact positions and other 
characteristics of the spectral lines of gaseous molecules between 0 and 17900 cM7'. The 1986 
edition of the HITRAN database was used to derive all the necessary spectroscopic 
information. The database was selectively accessed to provid suitable lin files for the eei 
allnospheric gases of interest. The interaction of electromagnetic radiation with the absorbing 
matter within the vicinity of a single spectral line is described by the volume absorption 
coefficient k, 
k, (x) =S(x) ftv -v., x) p (x), 
where x denotes position, f(v-vo, x) is the line shape factor, S(x) is the line strength, vo is the 
centre of the absorption line and p(x) the 
density of the absorbing gas. C3cncrally, the volume 
absorption coefficient k, 
is a function of the density of the absorbing substance, and the 
pressure and temperature of the atmosphere, all of which can vary along the path of 
observation. The transmittance or optical 
depth, -T(V), between two points x, and X2 along a 
path of observation resulting 
from a single spectral line is given by: 
X2 
, r(v)=exp -f S(x) Av-v., x) p(x) dxj , 
X1 
and for a band of spectral 
lines by: 
1Xv) =ex - dxl , Ef SU(x) fu(V-VUx) pýX) ij Xi 
where Sij(x) 
is the strength of the Pth line of the j'th absorbing gas in the path from position 
, (V-vu, x) 
is the line shape factor, vu is the position of the line centre, and Pj(x) the 
XI to X21 fl 
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density of the absorbing gas. Here we assume that when lines overlap their individual 
contributions to the optical depth simply add together. This is an essential simplification, 
adequately justified in terms of the relatively sparsely spaced spectral lines of various gases 
in the mm to sub-mm frequency spectrum, and the values of pressure and temperature in the 
atmosphere. Line strengths and positions may be calculated using quantum mechanics and are 
dependent on temperature, geometrical configuration of the molecule and the population of the 
lower energy state of the transition. The line strength of a spectral line involving a transition 
from state i to state j is given by: 
8n 31 
-CXP 
( 
-c2Vtf)l gla 
eX4 
-C2Ej Rif 10-36 S'lf ý -3hc Vtf 
ý 
-T )I, ý(-5 T) 
where h is Plank's constant, vif is the resonant frequency of the line, E, is the energy of the 
lower energy state of the transition, g, is the nuclear spin degeneracy of the lower level, Q(T) 
is the total partition function, I, is the natural isotopic abundance, c2 is the second radiation 
constant and Rif the Einstein transition probability. The total partition function Q for 
temperatures encountered in the atmosphere is given by the following approximate expressions 
kG T for linear, Q=G 7r 
(kTV1112 for non-linear molecules, 
cyhB a 
ýABCFh 
)j 
where cr is the symmetry number depending on the group of which the molecule is a member, 
h is Plank's constant, k is Boltzmann's constant, G is the common factor of the molecule and 
A, B and C are its rotational constants. Line shapes depend upon the mechanisms of molecular 
collisions and motions, and are, therefore temperature and pressure dependent. 
7.3 The line shape function. 
The physical mechanism that dominates spectral line broadening close to the earth's surface 
is collisional interactions between molecules. This is also known as pressure broadening and 
is successfully interpreted by the Van Vleck-Weisskopf (VVW) line shape function 
7.8 
A', m =i 1-ib + 1+ia [CM] , % (V-Vý-IYL (V+9 +'YLI 
where 8 is the interference coefficient suggested by Rosenkranz [1975] to describe pressure 
induced line interference for the oxygen 60 GHz band (&--0 for all other gases), and yL is the 
collisional line width parameter. The collisional line width parameter is a function of both 
pressure p and temperature T and is given by: 
YLýY4 
PC 
(R-) (-fT. ), 
1cm 
where x varies usually 0.5 and 1.0 and yLO is the value of the line width parameter at normal 
atmospheric conditions, p=pO and T=TO. 
At sufficiently low pressures, collisional broadening is negligible compared to thermal 
broadening (also known as Doppler broadening). Because molecular velocities have a Gaussian 
distribution, the Doppler line shape is also a Gaussian 
I) 
[CM] 
. 
AVIV eXP 
VO 
-(-ý-Vo 
and the Doppler line width is given by: 
YD = 3.58AOI v [cm -11 
where M is the molecular weight of the gas. 
When collisional and thermal broadening become comparable, the resonance frequency in the 
collision shape expression should be convolved with the Gaussian shift probability distribution 
over all possible Doppler shifts. This convolution is called the Voight profile 
. +. e -1 
2 
Avyý = -L 
f dt [cm] , 7Z Z-t 
where z is a complex argument related to the collisional. ý, and thermal yD line widths (Penner 
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[19591) and t=(v-vo)/yD. 
7.3.1 Applicability of the Voight profile in the earth's atmosphere. 
Several empirical fits and numerical methods have been proposed by various researchers in 
order to approximate the Voight convolution integral (Whiting [1968], Kielkopf [1973], 
Drayson [1976]). Adopting Kielkopf's empirical approximation which has been successfully 
used to fit experimental data, the applicability of the Voight profile can be investigated. In fig. 
3 die line width ratios yv/yL and yv/yD as a function of the line width ratio yL/yD are plotted. 
Fig. 3. Applicability region of the Voight function. 
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For values of the ratio yL/yD>>l the Voight line width tends asymptotically towards the 
I 
Lorentzian, while for yL/yD<<l the Voight line width tends asymptotically towards the 
Gaussian line width. For intermediate values of the line width ratio, the convolution integral 
has to be numerically evaluated. The numerical evaluation is usually a time consuming 
process, especially when line-by-line summation techniques are applied over a great number 
of spectral lines. In FASCOD (Clough et al [1980]), the Voight function is evaluated to an 
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accuracy of 3% for obvious computational advantages. However, in APM where only 
millimetre spectral lines are considered, a much better accuracy can be achieved with inherent 
advantages for millimetre remote sensing applications. The Voight function can be 
approximated by somewhat better than 0.7%, when the line width ratio yL/yD falls between 10 
and 0.006 (see figure 3). 
Applying the line width criterion, the altitude range within the Voight profile is applicable for 
various atmospheric gases can be determined. The line width ratio yL/yD is given by: 
r -x 
YLO p 
T) 
YL poi To 
YG 
3.58 x 10-7vý 
(-T 
What is reaBy required, is to find where the function f(-yLOv, x, M, pT) = C-yL/yDminimizes for 
the two extreme values C=10.0 and C=0.006. The atmospheric pressure follows an exponential 
distribution, while temperature is interpolated linearly between the boundary values given in 
the U. S. Standard Atmosphere (USSA) tables (NOAA [1976]). As far as the rest of the 
variables arc concerned, the molecular weight M has a fixed value for each molecule but the 
temperature exponent x and the ratio Vv have to be evaluated for each separate absorption 
line. Table I gives the minimum and maximum heights for which the Voight line shape 
becomes appropriate for various atmospheric gases when the line width criterion is applied. 
Table 1. ADDlicabilitv ranize of altitudes for Voight profile considering various gases. 
Gas Altitude 
min [km] 
Altitude 
max [km] 
H20 39 112 
02 50 104 
03 46 108 
co 49 104 
NO 46 100 
N029 N20 49 108 
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The transition of the 184.5 GHz 03 line shape function from a Lorentzian at low altitudes to 
a Gaussian at high altitudes can be seen in figure 4. Reference atmosphere is the USSA. 
Fig. 4. Transition of the 184.5 GHz 03 line from a Lorentzian at low altitudes to a Gaussian 
at high altitudes. 
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7.3.2 Voight profile evaluation. 
A particularly fast and accurate numerical algorithm which was suggested by Hui et al [1978] 
has been adopted for our calculations. In this method the complex Voight function is 
approximated by a quotient of the form 
p E az' 
V(Z) t-O 
p 
zP +1 +E bz' 
1-0 
where V(z) is the Voight function of complex argument z, p=6, and ai, b, are appropriately 
determined coefficients given in table II. 
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Table H. Hui's [1978] coefficients for the approximation of the Voight function. 
p=6 
ai bi 
0 122.608 122.608 
1 214.382 352.731 
2 181.929 457.334 
3 93.156 348.704 
4 30.180 170.354 
5 5.913 53.993 
6 0.564 10.480 
7.4 Method of calculating the spectra of atmospheric gases. 
7.4.1 Line-by-line summation technique. 
The calculation of the resonant spectra of all atmospheric gases is calculated by considering 
individual contributions from all the spectral lines across the millimetre frequency spectrum. 
At some frequency separation, wMch depends upon constituent density and line intensity, 
contributions from distant lines can be neglected. Of course, the suitable line shape function 
must be chosen according to the specific atmospheric conditions, pressure and temperature. 
Tbe Van Vleck-Wcisskopf, Voight and Gaussian line shape functions are exclusively used in 
APM for all atmospheric gases. 
7.4.2 Oxygcn. 
A modified VVW line shape function is used in the special cases of oxygen, as suggested by 
Rosenkranz [1975] to describe pressure induced line interference between the closely spaced 
lines of the 60 GHz oxygen band. Line coupling occurs when collisions between a radiating 
molecule and broadening gas molecules cause the transfer of population between rotational- 
vibrational molecular states and result in a redistribution of spectral intensity within a band. 
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Rosenkranz [1975] presented a method in which weak coupling approximations and a first 
order expansion of the band's shape lead to an accurate description of the microwave spectrum 
of oxygen in the atmosphere. APM incorporates the latest interference coefficients as 
suggested by Rosenkranz [19881. 
In addition to pressure induced line interference, Zeeman splitting of oxygen lines must be 
taken into account for altitudes above 30 km. Oxygen, being a paramagnetic molecule is 
subject to the earth's magnetic field, which although weak, is capable of introducing a line 
splitting, A reasonable approximation valid for all microwave absorption lines according to 
Liebe [19891, appears to be 
= ýy2 + 6.944x10-13 B02 [cm -l] , Yz L 
where BO is the geomagnetic field strength from 25 to 65 pTesla depending on geographic 
location and altitude. 
7.4.3 Water vapour. 
Although the line by line approach predicts successfully the resulting absorption and dispersion 
from 02, and other trace gases, it proves to be insufficient to explain the observed 
measurements for water vapour (Ulaby et al [1973a, 1973b), Gibbins et al [1975,1976], 
C; immestad et al [19761, Emery et al (1978]) as well as laboratory measurements (Frcnkel and 
Woods [19661, Bignell (19701, Burch et al [1971], Llewellyn-Jones et al [1978], Liebe [1975], 
[19871). This seems not to be the case near the H20 line centres, but in the window regions. 
This insufficiency has established the existence of excess water vapour absorption (EWA) to 
account for the discrepancy 
between theory and measurements (Gibbins et al [1973], Straiton 
and Tolbert [19591, 
Emery et al [19751, Gimmestad et al [19771). As a result an empirically 
derived term, known as the H. 0 confinuum, 
has to be added to the contributions of local lines 
below I THZ to complete the characterization of 
the water vapour spectra at millimetre 
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wavelengths. 
The empirically derived H20 continuum depends on the square of the water vapour density 
and shows a very strong negative temperature dependence. During the past two decades the 
explanation of the 'anomalous' absorption followed three schools of thought. The first is a 
molecular approach searching for water polymers (H20),, and their spectra in the atmosphere 
with sizes of n=2 or n=3 as possibilities (Harries et al [1969], Viktorova and Zhevakin [19671, 
[19711, Suck et al [19791, Carlon and Harden [1980]). The second assumes a liquid water 
uptake by submicron aerosol particles under conditions of high relative humidity (>85%) 
(Nilsson [1979], Hodges [1972]). The other (Clough ct al [19801) attributes the excess water 
yapour absorption to collision broadened 
far wings of allowed transitions (free-free transitions 
arising from the allowed dipole moments of 
isolated molecules). Each conjecture is supported 
by some experimental evidence, but appears to 
be contradicted by other results. only recently 
Ma and Tipping [1990] have given a theoretical 
interpretation in which the far wings of 
allowed rotational transitions 
is shown to be the determinative mechanism that controls both 
the magnitude and the strong negative temperature 
dependence of the continuum absorption. 
Although for our calculations Liebe's [1989] temperature and density dependence for the 
continuum absorption have 
been adopted, the water vapour continuum formula differs from 
that of Liebe's because of the 
different number of resonant lines involved in this approach. 
For the dispersive continuum Hill's [ 198 
8] expression, which calculates the contribution of all 
lines above 1 THz using the 1982 
AFGL line-parameters compilation, has been adopted. So 
the water vapour continuum 
is given by: 
k2 
7*5 (300 3 
ICM -11 
, 
(v) = 3.840"6 V 31.6 
(300 
e+p] e kT) ff 
) 
4 (196)"1 (1 
_B 
296 
kd(v) = 1.2566xlO-5Q 
E Ai j (V/33)V [rad cm 
J. 1 TT) 
where p and e are the 
dry air and water vapour partial pressures in Atm, respectively, T is the 
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absolute temperature in K, v is frequency in cra-1, Q is absolute humidity in g-m-3 and the 
coefficients Aj, aj and Bj are given in table III. 
Table M. Hill's [1988] coefficients for a dispersive continuum. 
Aj aj Bj 
1.382 1.650 0.199 
2 -0.214 0.162 3.353 
3 -0.149 0.178 3.101 
4 -0.109 0.192 3.005 
7.4.4 Trace gases. 
The resonant spectra of trace gases are calculated employing the line by line summation 
technique. Each absorption line gives a contribution at the frequency of consideration 
depending upon the intensity of the line and the distance from the line centre. The line shape 
function is as usually appropriately evaluated according to the atmospheric conditions. 
7.4.5 Other contributions. 
In addition to the water vapour continuum, other contributions must be here discussed for the 
sake of completeness. Residuals from very strong C02 lines in the far-infrared and optical 
frequencies form a C02 continuum which, nevertheless, is too weak to add any contributions 
at millimetre wavelengths. 
Pressure induced nitrogen absorption becomes important at high pressures and for frequencies 
above 100 GHz. According to Stone [1984], it can be expressed as 
kN, . 42xlO-lo V2 (1-1.9718 Xlo-3VI*5) p2 
300 3.5 
,, 
(v) =5(, 
) 1cm -11 
Finafly the tcnn kNM) is used to describe the non-dispersive radio refractivity: 
kN(o) = 27cvlO-6 [ N&Y(p, 7) + N., O(e, 
7) I [rad cm -11 , 
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with the dry and wet components of refractivity given by: 
Nd, 
y = 
78.6687xlO3 E, N., = 3.8 x log e-5.6742 x 103 ±v TTT 
where p and e are the barometric and water vapour partial pressures in Atm, respectively, and 
T the temperature in K. 
7.5 Modelling the atmosphere. 
7.5.1 The refractive atmosphere, 
In order to calculate the attenuation and dispersion spectra of atmospheric gases, we need to 
know their concentration and distribution along the path of observation. Furthermore, since 
the line intensity and line shape function are sensitive to pressure and temperature variations, 
an efficient way of representing the propagation medium is needed. An excellent approach is 
to slice the allnosphere in many spherical concentric layers and assume exponential profiles 
Fig. 5. Relative air mass geometry. 
ün 
of density and pressure between -layer boundaries. Each layer is taken to be in local 
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thermodynamic equilibrium (LTE). Figure 5 shows a spherically symmetric atmosphere for 
which refraction effects are taken into account. The relative air mass between height points 
h, and h. is given by: 
h2 
f n(h)(R+h)p(h)dh 
M0242) = 
h, Vn(h)2(R+h)2 
h2 
- n(h 1)2(R+hl)2S&4pl 
fp(h)dh 
h, 
where n is the index of refraction, dh is the height increment and p the gas density at point 
h along the ray path in the atmosphere. In our approach a simple closed form 
approximation, which includes the effects of refraction and the variation of atmospheric 
density with altitude was adopted for the calculations. Uplinger [1981] has represented the 
relative air mass integral between height points h, and h,. by the following set of equations: 
M(h2)e2) ý 
ý7CS 
e' erfc(A, iWth S= X= 
(R+h) 
cose, 2(1 -A) He ' 
where A is the refraction ratio and is given by: 
X N&Y(hl), '*-fi: N%tt(hl) xIO-6 
1 +[N,, (hl) +N.,, (h, )]xlO-6 
and Hd,, and H,,,, are the scale heights of the dry and moist air components of refractivity. 
Comparison with ray traces in the U. S. Standard Atmosphere shows Uplinger's approximation 
is accurate to within a few percent at an angle 901 to the zenith, with rapidly increasing 
accuracy for smaller to the zenith angles. 
7.5.2 Elimination of inhomogencity of atmosphcfic lavers. 
Providing that each layer is found in LTE and each gas is uniformly mixed within it, an 
effective pressure, temperature and absorber amount may be specified for each layer. The 
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effective values are those that make the absorption and/or emission of an equivalent 
homogeneous layer equal to that of the non-homogeneous layer. There is no single definition 
of the effective pressure or temperature because the effective values depend upon many factors 
and will in general be different for different absorbing gases. The most generally acceptable 
definition, however, is the density weighted average, also known as the Curtis-Godson 
approximation 
fp (h)dh ' fp (h)dh ' 
where P is the atmospheric pressure, T is the atmospheric temperature and p the total air 
density. The pressure and total air density are both assumed to follow an exponential proflle 
with scale heights Hp and Hp respectively. At the layer boundaries the values of pressure, 
temperature and gas density are tabulated in various rcference Atmosphcres. Inside the layer, 
temperature is interpolated linearly while pressure and temperature follow an exponential 
distribution. That is, 
-h 
P(h) = Pi e if 0, HP = -(Ah) / ln(PdP, ) 
for pressure and 
p(h) = pl eWP, H, = -, äh / In(pjpl) 
for density. 
7.6 APM implementation. 
The APM model is able to perform calculations along arbitrarily specified paths within the 
earth's atmosphere. The calculations are applicable for a specific frequency or for a frequency 
band with appropriately specified frequency step. The line-by-line summation technique is 
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extended over an appropriately specified frequency interval, such that only the lines which lie 
in the interval are employed for the calculations. Several standard reference atmospheres may 
be selected or externally specified. The modelling approach is summarized in figure 6 below. 
Fig. 6. The Atmospheric Propagation Model; modelling approach and internal structure. 
ATMOSPHERIC PROPAGATION MODEL (A. P. M. ) 
Model Atmosphe!! -ýsj 
U. S. S. A. 
Summer Mid-Latitude 
Winter Mid Latitude 
Subarctic Summer Atmosphere 
Subarctic Winter Atmosphere 
User 
I The lineshape function 
VVW profile (pressure broadening) 
Doppler (thermal broadening) 
Voight profile (combined pressure 
& thermal broadening) 
It is numerically evaluated, Hui 
I Calculation of the resonant spectra of atmospheric gases. I 
by-line summation tecnique 
II 
F- I -k- --1 -1 
1 
III I f, I rlI 
Other contibutions and special cases 
02: line interference, Zeeman effect 
H20 continuum: empirically derived to correct the observed EWA. 
N2: pressure induced absorption for frequencies above 100 GHz. 
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7.7 APM versus experiment. 
In this section APM predictions are compared with experimentally collected data and 
measurements of clear and humid air attenuation at millimetre frequencies. The results are 
surnmadzed in table IV. 
Table IV. Comparison between measurements and APM predicted values. 
References Freq. 
[GHz] 
Measured att. 
[dB] 
APM Predicted 
att. [dB 
Difference 
1%] 
0.497 summer 0.544 <9 
20.60 
0.159 winter 0.203 < 22 
0.278 summer 0.336 < 17 
Westwater et al 
31.65 
0.158 winter 0.182 < 13 
[1988] 1.190 summer 1.370 < 13 
9U. UU 
0.411 1 winter 
0.533 < 23 
Hogg et al [1983] 31.65 0.163 0.182 < 10 
Altshuler et al 15.00 0.0786 0.076 <3 
[19681 
35.00 0.2467 0.244 <1 
51.75 2.43±0.06 2.44 <1 
Reber[1972] 
68.14 2.60±0.05 2.48 <5 
Frenkel [1966] 150.0 1.50 1.54 <3 
Ulaby and 230.0 
- 
5.50 5.40 <2 
Straiton [1973] 
300.0 10.0 11.10 < 10 
During 1987 and 1988 Westwater et al [1988] measured atmospheric thermal emission at 
frequencies of 20.6,31.65 and 90.0 GHz, using ground based zenith-viewing radiometers. The 
data were then converted to attenuation statistics by use of the mean radiating temperature 
approximation. Table IV summarises the zenith attenuation statistics and compares them with 
APM derived calculations. Unfortunately, temperature, pressure and humidity height profiles 
were not exactly known but in order to make the comparison feasible, APM was fed by the 
most relevant model atmospheres, that is the U. S. Winter and Summer Midlatitude 
Atmospheres. The agreement is generally within 16% and seems satisfactory, regarding the 
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displayed deviations and the era resulting from the arbitrary use of the model atmospheres. 
Hogg et al [1983] measured at a frequency of 31.65 GHz the zenith absorption by water 
vapour in the atmosphere. The data were obtained at three locations in the United States with 
total surface pressure of about 1010,920 and 840 mbars and corresponding mean temperatures 
276.3±6.0,278.4±7.9 and 272.5±3.9 K, respectively. For weather conditions matching those 
of the U. S. Winter Midlatitude Atmosphere a 0.163 dB zenith attenuation is measured that 
differs 0.019 dB from the APM calculated (less than 10% difference). 
Altshuler et al [19681, made also some measurements at 15 and 35 GHz. For a surface water 
vapour density of 5.9 glm' -which corresponds to the surface water vapour density of the U. S. 
Standard Atmosphere- their best straight line fit gave 0.0786 and 0.2467 dB zenith attenuations 
at these frequencies. APM was run with the USSA as the input model atmosphere to give 
0.0763 and 0.2441 dB for the zenith attenuations, at the same frequencies, respectively. In this 
case the measured and the calculated values lie very close to each other (within 2% average) 
indicating the utility of the approach when the atmospheric height profiles are known. 
Ulaby and Straiton [ 1973] using radiometric techniques measured zenith attenuation in the 183 
to 323 GHz region. The accuracy of the measurements was said to be within 20%. For a 
surface water vapour density of 
9.0 g1m3 measurements of 5.5 and 10 dB were reported at 230 
and 300 CJHz, respectively. 
APM gave for the same atmospheric conditions (interpolating 
between the results obtained from the U. S. 
Standard and Summer Atmospheres) values of 5.4 
and 11.1 dB, respectively. 
The agreement is very good, in general better than 10%. 
Frenkel and Woods [1966] measured at room temperatures 
in a laboratory environment 
specific attenuation values 
for H20 and its mixtures with N2, C02 and 0.. At 150 GHz a gas 
system with 7.5 mm 
H20 and 750 mm N2 partial pressures gave a value of 1.5 dB/km for the 
specific attenuation, while 
APM at the same conditions gave a value of 1.54 dB/km. 
Also oxygen zenith attenuation measurements 
at the tails of the 60 GHz band are compared 
with APM calculated values. 
Reber [19721, measured 2.43±0.06 and 2.60±0.05 dB zenith 
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oxygen attenuation values at 51.75 and 68.14 GHz. The calculated values are 2.44 and 2.48 
dB, respectively. The small difference of 0.12 dB at the right tail of the band is rather due to 
the coarse temperature approximation assumed for the interference coef icien in I fl ts APA4. t 
must be noted however, that this difference could be equally caused by the fact that the 
temperature profile of the allnosphere in which the measurements were made was different 
from that assumed in the U. S. Standard Atmosphere. 
In conclusion, regarding the displayed measurement deviations and the error introduced by the 
arbitrary use of the model atmospheres when the surface water vapour densities were not 
exactly known, the agreement between measurements and predictions is very good, typically 
better than 10%. 
7.8 Comparison with Liebe's MPM. 
A comparison between APM-predicted specific attenuation and dispersion values and those 
Fig. 7. Comparison between predictions from APM and MPM [Liebe 1989] for ground level 
conditions. 
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from Liebe's well established model for ground level conditions (the Millimetre-wave 
Propagation Model, MPM [1989]) are given in figure 7 for the frequency range 10 to 300 
GlIz. The difference (too coarse to be revealed in the graph) is always less than 5% and arises 
mainly due to the use of different sources of spectroscopic information and the different 
number of resonant lines included in each model. 
7.9 The effect of trace gases on radiowave propagation at high altitudes. 
Various example calculations demonstrate the utility of the approach. For all calculations the 
U. S. Standard Atmosphere [1976) has been adopted. Figure 8 shows the individual 
contributions of several atmospheric gases and the total resultant attenuation for a slant path 
which starts off at 20 km initial height and extends up to a 120 km height Point. The angle 
to the zenith is 85 degrees and the frequency range of interest lies between 174 and 190 GHz. 
Fig. 8. Calculations along a 20-120 Ian slant path at 850 to the zenith. (a) Individual 
contributions from various gases; 
(b) comparison of the total attenuation and attenuation 
predicted only from 02 and H20. 
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The frequency step is I MHz and the 30 aunospheric layers that have been considered here, 
give an excellent accuracy convergence. In a similar way figure 9 characterises radiowave 
propagation along a slant path which starts off at 10 Ian initial height and extends up to a 120 
km height point. The angle to the zenith is only 10 degrees and the frequency range of interest 
lies between 230 and 250 GHz. The same frequency step has been used but now a total of 40 
atmospheric layers have been employed to give an excellent accuracy convergence. 
Looking carefully figures 8 and 9, we note that trace gases play a role in the characterisation 
of the radiowave propagation through the earth's atmosphere when slant paths at high altitudes 
are considered. Their contribution to attenuation may not be negligible as previously assumed, 
indeed for selected frequency intervals in the millimetre wave spectrum trace gas contributions 
may be dominant. 
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7.10 Conclusions. 
A computer based prediction method for the calculation of the resultant absorption [dB] and 
dispersion [rad] by atmospheric gases in planetary atmospheres with particular applicability 
in the earth's atmosphere has been presented. The Atmospheric Propagation Model (APM) is 
useful to the radio engineer for characterisation of the clear air absorption and dispersion 
present in ground to satellite, ground to aircraft or aeronautical to satellite communication 
links. It could also be a useful aid for applications in remote sensing and navigation. 
8.1 
CHAPTER 8 
USE THE 60 GHz OXYGEN BAND LEFT TAIL FOR AIR TRAFFIC CONTROL/ 
NAVIGATION AND BROADBAND TRANSMISSION PURPOSES. 
8.1 Introduction. 
With a significant part of the microwave and lower millimetre spectra already wen used in 
both fixed and mobile services and on ever increasing demand for spectrum, especially for 
new mobile services, it is especially relevant to consider portions of the spectrum which give 
maximum re-use advantage. The 60 GHz absorption oxygen band is one such spectral region 
for which the physical properties ought to be assessed in some detail before choices are made 
for particular applications. Currently, civilian aeronautical mobile to satellite services occupy 
little spectrum and offer very modest services to the public. As broadband services become 
available on terrestrial systems, including HDTV broadcast and fast image-file retrieval from 
data bases, a demand for new high quality in flight services, including live TV services may 
be generated. 
Despite the current relatively modest use of the radio spectrum, aeronautical-mobile services 
are already encountering difficulty in finding new spectrum for conventional in-flight services 
to the public and for traffic management and navigation [Lundberg 1992]. One of the 
problems of course with this type of service, is the inherent global coordination problem. Use 
of the tails of the 60 GHz band could very significantly alleviate that problem. 
The scenario of interest is the use of, part of the 60 GHz band for topside air traffic control 
and broadband transmission purposes. In this chapter the Atmospheric Propagation Model 
(A. P. M. ) [Papatsoris and Watson 1992b] has been employed to estimate the absorption and 
dispersion present in slant path geometries. So, possible it becomes to take a close look at the 
left band tail of the oxygen absorption band in these novel applications. 
8.2 General properties of the band. 
8.2 
It is well known that the pressure broadened lines evident at ground level from 50 to 70 GHz, 
Fig. 1. Zenith absorption and phase dispersion for the left tail of the 60 GHz oxygen 
absorption band from 10 lun initial height. 
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divide into a complex series of bands at high altitude (see figum 1). Line-by-line calculation 
of the absorption along a particular slant path is a computer intensive process and involves a 
number of different broadening mechanisms in addition to evaluation of the Voight 
convolution integral (see previous chapter). The contribution from the water vapour continuum 
must also be included. 
8.3 Calculations for example flight paths. 
In order to illustrate the typical losses encountered from aircraft to satel-lite and aircraft to 
ground, calculations have been made for example ascent and descent paths. A satellite is 
considered to be placed in a geostationary orbit at 50 degrees West (see figure 2). The aircraft 
takes off from New York airport at 40.40 deg North latitude and 73.50 deg West longitude, 
. ..................... ...................... .................... - 
. ............................................ . .................... 
............................................. .................... 
. .............. ................. .. . .............. ................. .. 
. ........................................... .......... ...... . ............................................ ..... ...... ...... . ..................... ...................... ....... ..... 
. .......................................... ....... . .... .. 
. ..................... ............. ...... .... ...... ..... 
. ..................... ....... ..... ... ...................... . ............................. .... .................... . ..................... . ...................... .... .... ......... ......... . ...................... ..... ............. .................... - 
. ...................... ... . ........... .................... - 
. ................ ..... . ................. .................... - 
. ........................ ..................... - ........................... ...................... . ......... . ....... ...................... ..................... . .... .... .................................. . .................... . ... ...................................... .................... - 
.............. ...................... .................... - 
. ............................................ .................... 
16 
14 
12 
10 
8 
a4 6 
4 
2 
n 
8.3 
flies over the Atlantic ocean and finally lands at London Heathrow airport at 51.28 deg North 
latitude and 0.27 deg West longitude. Along the flight path the elevation angle ranges from 
15.5* and 37.51 and the angle to the zenith from 6.86" to 8.360. 
Fig. 2. Aircraft to satcHite and aircraft to ground path geometry. 
NY: New York Airport 40.40 deg North, 73.50 West 
LH : London Heathrow 51.28 North, 0.27 West 
S: Subsatellite point 50 deg West 
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For the calculations, three groups of frequencies have been selected which can be seen in table 
I (also depicted in figure 1). The first frequency of each group corresponds to the frequency 
of an absorption line, and the other to a valley where minimum absorption occurs. 
Table I. Selected frequencies in the left tail of the oxygen absorption band. 
Frequency [GHz] 
group I group 2 group 3 
Absorption lines 52.542 54.671 56.968 
Windows 52.714 54.767 57.260 
The position of the plane during the procedures of ascending and descending as a function of 
altitude or the horizontal distance from the points of departure/arrival is given in table 11. 
8.4 
These data have been coRected during the course of a real flight and are considered as 
representative in determining the position of an aircraft during a typical ascent or descent. 
Table 1. Position of aircraft during the procedures of ascending and descending. 
Descent Ascent 
Altitude [m] Distance from landing 
point [km] 
Altitude [m] Distance from take off 
point [km] 
10670 340 300 1 
10670 288 424 3 
10670 232 653 4 
10518 227 771 6 
8689 177 906 8 
8536 175 1070 9 
7588 150 1284 12 
6555 128 1425 14 
6402 126 1678 16 
6150 124 2024 17 
5300 107 2284 19 
4426 87 2368 20 
4347 84 2554 22 
4293 83 2683 25 
4267 81 2767 27 
3427 52 2962 28 
3396 50 3059 30 
3350 49 3180 32 
3317 47 3505 35 
1724 20 3744 40 
1631 18 3987 45 
1533 16 4241 49 
1231 10 4354 53 
1164 7 5793 86 
1082 5 5945 91 
883 4 9299 226 
565 21 9451 271 
284 11 10670 365 
8.5 
Figures 3 and 4 show the attenuation and phase dispersion from sea level to the plane (zenith) 
and from the plane to the satellite during the ascent, as a function of the aircraft altitude. After 
the ascent has finished, the aircraft precedes over the ocean at a fixed altitude which usually 
ranges from 9 to 13 kin, according to the relevant air control codes. In a similar way, figures 
5 and 6 show the attenuation and phase dispersion from sea level to the plane (zenith) and 
from the plane to the satellite during the descent, as a function of the air-craft altitude. Finally, 
figures 7 and 8 summarize the results both for the aircraft to ground (AG) and aircraft to 
satellite (AS) paths, so that evaluation of the isolation is possible. 
The most interesting observation emerges for the frequency of 54.862 GHz. At ýn altitude of 
4 km the path loss from the aircraft to the satellite and the path loss from the aircraft to the 
ground are equal, that is AS = AG =4 dB. At an altitude 2 km higher, AS =8 dB, AG = 16 
dB and the isolation becomes 8 dB. As the aircraft advances at higher altitudes the isolation 
Fig. 3. Zenith attenuation and phase dispersion from aircraft to ground during the ascent. 
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increases to 12 dB at 8 km and 17 dB at 10 km, while the aircraft to sateRite path losses 
reduce attractively to 6.25 dB and 3.75 dB, respectively. 
8.4 Conclusions. 
It is concluded from this study that frequencies should be selectable within the band that 
provide good isolation to the ground and acceptable excess path loss to the aircraft. This 
conclusion seems to favour the concept of top-side air traffic control and navigation leading 
to improvement in safety and security. The plentiful spectrum avaflable in these bands should 
also be able to sustain broadband links, though a correct choice of frequencies is necessary 
as may be the use of phase equalisation. Nevertheless, this theoretical treatment would benefit 
from a more rigorous and detailed evaluation of the Zeeman effect which affects the 
polarization state of the radiowave. Also, before any final decisions are taken the complexity 
8.9 
of the attenuation and phase properties of the band should be supported by detailed 
experimental studies. 
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A. 1 
APPENDIX A 
MIE SCATTERING PROGRAM FOR THE CALCULATION OF 
ABSORPTION AND SCATTERING CROSS SECTIONS OF SPHERICAL 
PARTICLES. 
A. 1 Main program. 
c MIE CALCULATIONS FOR SPHERICAL SCAITERERS 
c Program made by A. D. Papatsoris 
c July 1990 
------------- 
c Declarations and Data 
c --------------------------- 
parameter (n=101) 
complex*16 cyjx(n), cyjy(n), cyyx(n), cwx(n), cyhx(n) 
complex*16 tasl, tas2, tas3, tan(n), tbn(n) 
complex*16 sO, sl8O, m, m2, x, yjxljy2, lixljy3 
real*8 a, la, ua, da, fl, temp, pi, v, helpl(n-1), Iielp2(n-1), ascaj, xr 
real*8 dic(2), Cabs, Cext, Csca, sigma 
integer nz, ifail, not, Ic 
character*l woi, coe, scale 
character*20 filename 
data pi / 3.141592653589793dO 
data dic /- LON, 1. OdO / 
c Read the data 
c ----------------- 
print*, 'Enter the frequency of the radiowave f [GHz] 
read(5, *) f 
c Calculation of the Index of Refraction 
C ------------------------------------------------ 
print*, 'Index of refraction calculated [c] or entered Lel T 
read(5, *) coe 
if(coe. eq. 'e') then 
print*, 'Enter index of refraction (real, imag) 
read(5,1002) m 
else 
print*, 'Enter temperature [C] 
read(5, *) temp 
print*, 'Enter "w" for water, or "i" for ice 
read(5, *) woi 
if(woi. eq. 'w') then 
call manabe,. _water(ftemp, m) 
else 
call rayjce(ftemp, m) 
A. 2 
endif 
endif 
print*, 'Index of refraction=', m 
print*, 'Enter lower limit radius [mm] 
read(5, *) la 
print*, 'Enter upper limit radius [mm] 
read(5, *) ua 
print*, 'Enter radius step [mm] 
read(5, *) da 
print*, 'Enter filename 
read(5, *) filename 
open(l, file=filename) 
c Initialization 
c --------------- 
1=300. OdO/f 
scale='u' 
nz=O 
ifail=O 
v=0.5 
m2=m*m 
c Calculations 
c --------------- 
do l, a=la, ua, da 
xr--2. OdO*pi*a/i 
if(xr. gt. 91.0) then 
not=101 
else 
not=xr+10 
endif 
x=dcmplx(xr, O. OdO) 
Y=M*x 
call sl7def(v, x, not, scale, cyjx, nz, if,, til) 
call sl7dcf(v, x, not, scale, cyyx, nz, cwx, ifail) 
call sl7def(v, y, not, scale, cyjy, nz, ifail) 
do 20, i=l, not-1 
help 1 (i)=dreal(cyjx(i+l)) 
cyjx(i)=dcmplx(help 1 (i), O. O) 
cyjy(i)=cyjy(i+l) 
help2(i)=dreal(cyyx(i+l)) 
cyyx(i)=dcmplx(help2(i), O. O) 
cyhx(i)=dcmplx(help 1 (i), -help2(i)) 
20 continue 
A. 3 
c Indermediate calculations 
c -------------------------------- 
do 30, i=l, not-1 
tasl=y*cyjy(i)-i*cyjy(i-1) 
tas2=x*cyjx(i)-i*cyjx(i-1) 
tas3=x*cyhx(i)-i*cyhx(i-1) 
jxl=cyjx(i)*tasl 
jy2=cyjy(i)*tas2 
hxl=cyhx(i)*tasl 
jy3=cyjy(i)*tas3 
tan(i)=Oxl-m2*jy2)/(hxl-m2*jy3) 
tbn(i)=Oxl-jy2)/(hxl-jy3) 
30 continue 
c Calculation of amplitude function S(O), S(180) 
c ---------------------------------------------------------- 
sO=dcmplx(O. OdO, O. OdO) 
sl80=dcmplx(O. OdO, O. OdO) 
asca=dcmplx(O. OdO, O. OdO) 
do 40, i=l, not-1 
j=2. OdO*i+l. OdO 
lc=mod(i, 2)+l 
sO=sO+j*(tan(i)+tbn(i)) 
asca=asca+j*(dconjg(tan(i))*tan(i)+dconjg(tbn(i))*tbn(i)) 
sl 80=sl 80+j*dic(Ic)*(tan(i)-tbn(i)) 
40 continue 
sO=0.5dO*sO 
sl80=sl8O*O. 5dO 
CC cross sections are in [mm2] 
C ------------------------------------- 
Cext=(I**2.0/pi)*dreal(sO) 
Csca=(I**2.0/(2. OdO*pi))*asca 
Cabs=Cext-Csca 
sigma=(4. OdO/xr**2. OdO)* 
((dreal(sl 80)**2. OdO)+(dimag(s 1 80)**2. OdO)) 
c Storing the results 
c ----------------------- 
write(1,1005) a, Cabs, Csca, Cext, sigma 
C End Loop 
c ------------- 
1 continue 
close(l) 
1002 format(2(dl6.10)) 
1005 fbrmat(4(el6.10, lx), el6.10) 
end 
A. 4 
A. 2 Subroutine for the calculation of the refractive index of water. 
c Program made by A. D. Papatsoris 
C Adapted from Manabe et al [1987] 
c Valid for temperature range -200 to 20" C and frequencies up to 30 THz. 
C July 1990 
------------ 
subroutine manabe_water(freq, temp, m) 
real*8 freq, temp, theta, eO, ep, fp, es, fs 
complex*16 hl, h2, ea, eb, m 
theta=3. Od2/(2.7315d2+temp)-l 
eO=7.7 66d 1+1.033d2* theta 
ep=5.48dO 
fp=2.009d 1-1.42d2*theta+2.94d2* theta**2.0 
hl=dcmplx(freq, fp) 
ea=((eO-ep)*freq)/hl 
es=3.5ldO 
fs=5.9d2-1.5d3 *theta 
h2=dcmplx(freq, fs) 
eb=((ep-es)*freq)/h2 
m=cdsqrt(eO-ea-eb) 
return 
end 
A. 3 Subroutine for the calculation of the refractive index of ice. 
c Program made by A. D. Papatsoris 
c Adapted from Ray [19721 
c Valid for temperature range -20' to 0' C and frequencies up to 300 GHz 
c July 1990 
------------ 
subroutine rayjce(freq, temp, m) 
real*8 freq, temp 
real*8 pi, l, es, s, eoo, a, ls, h, hO, hl, li2, eii, nr, ni 
complex* 16 m 
data pi / 3.141592653589793dO 
1=3. Odl/freq 
h=(temp+2.7315d2)*1.9869dO 
es=2.03168d2+2.5dO*temp+1.5d- 1 *temp**2.0 
s=1.26dO*dexp(-1.25d4/h) 
eoo=3.168dO 
a=2.88d-1+2.5d-3*temp+2.3d-4*temp**2.0 
A. 5 
ls=9.990288d-5*dexp(l. 32d4/h) 
hO=(Is/l)**(l. OdO-a) 
hl=dsin(O. 5dO*pi*a) 
h2=1. OdO+2. OdO*hO*hl+hO**2.0 
eii=(es-eoo)*ho*dcos(O. 5dO*pi*a)/h2+(s*l)/I 8.8496dlO 
nr--l. 78dO 
ni=eii/(2. OdO*nr) 
m=dcmplx(nr, -ni) 
return 
end 
B. 1 
APPENDIX B 
ALGORITHM BASED ON THE C05NCF NAG SUPPLIED ROUTINE TO 
SOLVE TRANSCENDENTAL EQUATIONS. 
B. 1 Main program. 
c MODES OF FREE OSCILLATION OF A SPHERE 
C Program made by A. D. Papatsoris 
C Main program adapting the NAG supplied C05NCF routine 
c March 1991 
-------------- 
c Declarations and Data 
c --------------------------- 
integer n, maxfev, ml, mu, mode, nprint, nfev, ldfjac, lr, ifaiI 
parameter (n=2, ldfjac=n, lr=(n*(n+l))/2) 
real*8 x(n), fvec(n), xtol, epsfcn, diag(n), factor, fjac(ldfjac, n), 
$r(Ir), qtf(n), w(n, 4) 
complex* 16 m 
common m 
integer*4 k 
common k 
external fcn 
c Initialization of C05NCF 
c -------------------------------- 
ifail=l 
xtol=O. OdO 
maxfev=200*(n+l) 
ml=n-1 
mu=n-1 
epsfcn=O. OdO 
mode=2 
factor--l. OdO 
nprint=O 
ifail=l 
do 10, i=l, n 
diag(i)=l. OdO 
10 continue 
m=dcmplx(l. 78dO, -6.57d-4) 
print *, 'Enter the order of the trancedental equation 
read(5, *) k 
print *, 'Enter a rough solution z=x(l)+x(2)*i 
read(5, *) x(l), x(2) 
B. 2 
call c05ncf(fcn, n, x, fvec, xtol, maxfev, ml, mu, epsfcn, diag, 
$mode, factor, nprint, nfev, fjac, ldfjac, r, lr, qtf, w, ifail) 
write(6,99) (x(i), i=l, n) 
99 format(f3O. 23, lx, f3O. 23, '*i') 
end 
B. 2 Subroutine for the calculation of electric modes TE. 
c Program made by A. D. Papatsoris 
C March 1991 
c -------------- 
subroutine fcn(n, x, fvec, iflag) 
integer n, iflag 
real*8 x(n), fvec(n) 
complex*16 z, zm, cyj(101), cyh(101), tasl, tas3, hxljy3 
real*8 fnu 
integer nz, ifail 
character*1 scale 
complex*16 m, m2 
integer*4 k, I 
common m, k 
fnu=0.5 
nz=O 
ifail=O 
scale='u' 
1=1 
z=dcmplx(x(l), x(2)) 
zm=z*m 
m2=m*m 
call sl7def(fnu, zm, k+l, scale, cyj, nz, iftiil) 
call sl7dlf(l, fnu, z, k+l, scale, cyh, nz, ifail) 
tasl=zm*cyj(k+l)-k*cyj(k) 
tas3=z*cyh(k+l)-k*cyh(k) 
hxl=cyh(k)*tasl 
jy3=cyj(k)*tas3 
fvec(l)=dreal(hx I -m2*jy3) 
fvec(2)=dimag(hxl-m2*jy3) 
return 
end 
B. 3 
B. 3 Subroutine for the calculation of magnetic modes TM. 
c Program made by A. D. Papatsoris 
c March 1991 
subroutine fcn(n, x, fvec, iflag) 
integer n, iflag 
real*8 x(n), fvec(n) 
complex*16 z, zm, cyj(101), cyh(101), tasl, tas3, hxljy3 
real*8 fnu 
integer nz, ifail 
character*l scale 
complex* 16 rn 
integer*4 k, l 
common m, k 
fnu=0.5 
nz=O 
ifail=O 
scale='u' 
1=1 
z=dcmplx(x(l), x(2)) 
zm=z*m 
call sl7def(fnu, zm, k+l, scale, cyj, nz, if,, til) 
call sl7dlf(l, fnu, z, k+l, scale, cyh, nz, ifail) 
tasl=zm*cyj(k+l)-k*cyj(k) 
tas3=z*cyh(k+l)-k*cyh(k) 
hxl=cyh(k)*tasl 
jy3=cyj(k)*tas3 
fvec(l)=dreal(hx 1-jy3) 
fvec(2)=dimag(hxl-jy3) 
return 
end 
